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ABSTRACT

In this paper, flapping-wing propulsion as a means of drag reduction for light
sailplanes is investigated numerically. The feasibility of markedly improving minimum
sink and L/Dmax performance parameters in light sailplanes by flapping their flexible,
high aspect ratio wings at their natural frequencies is considered. Two propulsive
systems are explored: a humanpowered system that is used to partialy offset airframe
drag, and a sustainer system that uses an electric motor with sufficient power for limited
climb rates. A numerical analysisis conducted using a strip-theory approach with UPOT
(Unsteady Potential code) data. Thrust and power coefficients are computed for 2D
sections. 3-D spanwise load factors are applied to calculate total wing thrust production
and power consumption. The results show that theoretical drag reduction in excess of
20% and improvements of minimum sink by 24% are possible with a human-powered
flapping system.
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l. INTRODUCTION

A. OVERVIEW

In this paper, flapping-wing propulsion as a means of drag reduction is
investigated numericaly. The feasibility of markedly improving minimum sink and
L/Dmax performance parameters in light sailplanes by flapping their flexible, high aspect
ratio wings at their natural frequencies is considered. Two propulsive systems are
explored: a humanpowered system that partialy offsets airframe drag, and a sustainer
system that uses an electric motor with sufficient power for limited climb rates. In either
case, the aircraft is not intended to be self-launching (i.e. it will be unable to takeoff
under its own power), requiring a winch launch, an auto-tow, or aero-tow as do
conventional gliders. By restricting the flapping of the aircraft’s wings to the in-flight
regime, the issue of wingtip/ground clearance is avoided. The objective of this research
is to apply flapping-wing aerodynamics to increase the performance parameters of

existing sailplanes.

A numerical analysis is conducted using a strip-theory approach with UPOT
(Unsteady Potential code) data. UPOT, a panel-code developed at NPS by Teng [Ref 1],
models harmonically flapping airfoil sections in inviscid flow. Thrust and power
coefficients are computed for 2-Dimensional sections. Spanwise load factors are applied
to calculate total wing section thrust production and power consumption.

B. FLAPPING-WING PROPULSION

Nature gives us numerous examples of flying creatures using their wings for
creating both lift and thrust. This rather graceful and efficient mode of propulsion has
eluded mankind' s best efforts. The understanding of the complex aerodynamic principles

at work in the flight of birds, insects, and mammalsis still limited.

Some of the limiting factors that man has yet to overcome include mechanical and
structural scaling issues. The dynamic forces encountered by man-carrying flapping

wing airframes result in either structures that are significantly heavier than conventional



airframes, or structures unable to withstand the dynamic forces of this method of

propulsion.

Purely plunging airfoils have been the subjects of some of the earliest scientific
theories concerning flapping-wing flight. In 1909 Knoller[2] and in 1912 Betz[3]
independently published papers providing the first theoretical explanations of plunging
airfail thrust generation. Both recognized that flapping an airfoil in a flow produces an
induced angle of attack. The normal force vector is, by definition, aways perpendicular
to the effective flow. With this induced angle of attack, the normal force vector, which
contains elements of lift (cross-stream direction) and thrust (stream wise direction) is
canted forward, as shown in Figure 1. The key parameter for determining whether an
airfoil creates thrust is the effective angle of attack. [Ref. 4] The relationship can be
derived from the airfoil’s position, which is a function of the reduced frequency, k, and

the non-dimensional flapping amplitude, h. Where:

kZZp{)ch (1)
h=% @

The position of the airfoil as afunction of timeis:
y(t) = hcos(kt) ©)

The maximum induced velocity is given by differentiating equation (3) with

respect to time:
y&t) =- hksin(kt) (4)
And the maximum value is given by:
ymex = bk ®)
Such that the maximum induced angle, a; is:

ai = arctan(hk) (6)
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Figurel.  Thrust Production of Purely Plunging Airfoil

In nature, flapping wings generally follow complex patterns that include both
pitching and plunging at offset phases. Thisis done to not only preserve energy, but as a
result of the organisms’ muscular-skeletal structure. However, motions such as these do
not lend themselves easily to an analysis due to the large parameter space involved. This
preliminary study would be limited to a simplified look at combinations of wing
geometries, flapping frequencies, and different flight speeds. In the interest of time, the
flapping was confined to purely plunging motion vice pitching and plunging to simplify
the data acquisition.

C. HIGH PERFORMANCE SAILPLANES

High aspect ratio sailplanes with their flexible composite structures exhibit large
wing deflections in flight as demonstrated in Figure 2. If the inherent flexibility of these
wings could be harnessed to “flap” at their natural frequency, perhaps it would be
possible to offset some of the airframe’ s drag through a purely plunging motion. [Ref. 5]

Figure2.  Natura High Performance Sailplane Wing Deflection



The wing flapping would be accomplished by exciting the aircraft at its 1%
bending mode- as shown in Figure 3. This would minimize the power requirement of the

mechanical flapping mechanism, as will be discussed in a later section.

Symmetricalz
The First Bending Frequency

>:u|:<

Figure3. 1% Bending Mode Flapping

1 Improving Existing Air craft

Research into human-powered vehicles revealed that the continuous power output
for an average human is in the 200W range with possible momentary spikes up to 500W-
that typically lead to oxygen debt. Trained athletes are able to surpass 300W of
continuous power. [Ref. 6] For the purposes of this study, it was assumed that 210W
would be available; and assuming 5% mechanical losses, only 200W could be expected
to power a flapping propulsion system. In the interest of quantifying the drag reduction
that could be accomplished by humanpowered means, severa European sailplane
manufacturers were contacted for specifications and performance information on the
aircraft that presently dominate the sport of soaring: Schempp-Hirth, Schliecher, LAK,
just to name a few. A database was produced that included forty different sailplanes and
several of thelr variants. The categories of aircraft included: Two seat, Federation
Aeronautique Internationale (FAI) 15m class, World Class (wingspan < 15m), Open
Class (wingspan > 15m), and Ultralight as defined by FAR Part 103. In addition, severa
companies that produce motorglider/sustainer gliders were contacted to provide
specifications for the database. The databases are presented in Appendix A in
spreadsheet format.



The drag force acting on each sailplane and the horsepower required for flight at
their respective L/Dmax, ad min sink velocities were calculated using power required in
Watts from Reference 7 defined by:

wU cosb

~ 061 (%) @

For a given L/D, as the weight and/or the velocity of the aircraft is decreased, the
power requirement is reduced.

2. Reducing the Power Requirement

As the data was examined, it became clear that human power aone would not
make a significant impact on drag. These sailplanes, at an average 300kg weight, were
simply too heavy, and their power requirements too high. 200W human power limit
could theoretically provide a modest 5% increase in L/Dmax Or minimum sink. This was
the equivalent of going from an L/D of 36 to 37.8, or decreasing min sink from 0.63m/s
to 0.60m/s. Clearly, this wouldn’t go very far towards helping a desperate pilot clear the
next ridge or to stay aloft long enough to find better lift conditions. For this study to be
worthwhile, it was important to make a more significant impact on both parameters,
which are important in their own ways. The velocity at which L/Dmax 0ccurs may be
flown between lift zones for cross-country flights, while the velocity at which minimum
sink occurs buys a pilot time in weak lift conditions until stronger conditions can be

found to avert an off-field landing and make it home.

The second factor in decreasing power requirement was velocity. In order to get
the most out of the 200W human power limit, the aircraft would have to be flown at
dower airspeeds than current gliders were optimized for since the power required
increases as the cube of the velocity. The optimal flight regime appeared to favor hang
glider-like velocities of 11m/s to 23m/s, rather than high performance sailplanes with
flight velocities of 28m/sto 40m/s.

Looking at the power equations for propeller-driven aircraft, minimum power

required velocity occurs when CI“’/Cd is & a maximum. This corresponds to max

endurance airspeed, or, in sailplane lingo, minimum sink airspeed, as shown in Figure 4.
5



Since L/Dmax occurs at a higher airspeed corresponding to maximum range, and minimum
sink occurs at alower airspeed corresponding to maximum endurance, 200W would have

amore significant impact on improving minimum sink than it would L/Dpax.
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Figure4.  Power Required vs. Veocity

Only when lighter, dower flying aircraft could be found would a human powered
drag reduction system become more viable.

3. Existing Sustainer Sailplanes

Unlike motorglider propulsive systems, sustainer systems are designed as an
added measure of safety to prevent off-field landings, for example, while being as
unobtrusive (i.e. not taxing the airframe with unnecessary weight, drag) as possible.
Aircraft equipped with this safety device are capable of modest climb rates of 0.89m/s or
less. To minimize weight and drag, most sustainers use compact, lightweight propulsive
systems, and small diameter propeller disks with multiple blades that are stowed within
the fuselage. As a result, sustainer systems compromise propulsive efficiency. In
addition, the cut outs made for the interna storage bay of the system reduces the
structural rigidity of the fuselage and increases weight.



Figure5.  Sustainer-Equipped Duo Discus Sailplane

Schemp-Hirth Flugzeugbau employs sustainers for their Discus and Duo Discus
sailplanes as shown in Figures 5 and 6. The mechanism is stowed inside the gliders with
its propeller blades folded forward. When the pilots of their sustainer gliders wish to use
the propulsive system to avert an off field landing, the mechanism must be extended into
the freestream. The pilot then puts the aircraft in a slight dive to increase the free stream
velocity. This extends the folded propeller blades and they begin to windmill. The
propeller acts as a starter and brings the engine to life. There is no other starter
mechanism or throttle; the motor is either full on or off. See Appendix B for more
information concerning Schemp-Hirth Flugzeugbau sustainer data.



- i - e
Figure6. 2 Views of Deployed Sustainer Systems

The design is simple, but not without hazards. If an unsuccessful motor start is
experienced there would be a significant increase in the aircraft’s rate of descent due to
the high drag of the extended mechanism. With insufficient altitude- this would make a
bad situation even worse. Also, the high thrust line of the system would cause an abrupt
nose-up pitching moment if the motor were to cease operating. During a Sow speed

climbout- this could lead to stall/spin entry.

A flapping-wing sustainer system would not require extending any high-drag
system out of the fuselage. Neither would the fuselage require cut-outs for an internal



bay. Finadly, this study will show that a sustainer system need not be a compromise in
propulsive efficiency.
4, Ultralight Sailplanes

Data from existing sailplanes began to show that humanpowered drag reduction
would not be practical due to the limited effect 200W afforded to current relatively heavy
sailplanes. However, severa sailplane manufacturers showcased new aircraft at the
Soaring Society of America’'s Air Expo in Los Angeles in February of 2002. Most
notable were Windward Performance’'s SparrowHawk, and Pure-Flight's Light Hawk
aircraft. Both of these aircraft fall into the ultralight aircraft category as defined by FAR
Part 103. As per regulations, ultralight aircraft must weigh less than 70.3kg if
unpowered, and 115.2kg if powered. See Appendix B for more information concerning
FAR Part 103 regulations.

The SparrowHawk, shown in Figure 7, is designed and sold by Windward
Performance of Bend, Oregon. Although the SparrowHawk is a lega ultraight, it is
designed to fly in many of the same conditions as existing sailplanes. Due to its
relatively high wing loading and high aspect ratio for an ultralight, Windward
Performance claims, “it will cruise between thermals at speeds much greater than existing
light sailplanes with more altitude retention. It will climb exceptionaly well with its low
snk-rate and tight turning radius afforded by its low stall speed and small size. Perhaps
most significantly, the small all-carbon airframe gives quick and nimble handling.” [Ref.
8]
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Figure7.  SparrowHawk Ultralight Sailplane

SparrowHawk Specifications:
Wingspan 11m

Aspect Ratio 18.6

Wing Area 6.5n7

Wing Loading 25.6 kg/n?

Empty Weight 70.3 kg
MTOW 188.2 kg

Min sink 0.66m/s @ 19.5m/s
Best L/D 36:1 @ 27.9m/s

The Light Hawk, shown in Figure 8, is another FAR Part 103 ultralight sailplane

developed by Pure Flight, Inc. of Bellingham, Washington. Because this aircraft was

optimized for low speed flight; with a 15m span and light wing loading, it proved to be

even more promising than the SparrowHawk. Pure Flight Inc. claims that, “The low

wing loading and excellent maneuverability will alow pilots to climb in weaker lift than

ever before. Light Hawk pilots can expect to outclimb any other gliding aircraft in the

sky, and to get extended flights on even very weak days.” [Ref. 9]

Because of its exceptionally low flight speed and light weight, human power has

the potential to go much further towards drag reduction than on any other aircraft

considered.

10



Figure8.  Light Hawk Ultralight Sailplane

Light Hawk Specifications:

Wingspan 15 m Empty Weight 70.3 kg

Aspect Ratio 19.22 MTOW 161 kg

Wing Area 11.71 n? Min sink 0.42 m/s @ 12.5 m/s
Wing Loading 13.49 kg/n? Best L/D est. 35:1 @ 16.94 m/s

These two aircraft in the ultralight category essentialy have expanded the
envelope of soaring flight. Their light weight alows them to operate in much weaker
conditions than existing sailplanes. The Light Hawk's design further pushes the flight
regime to the left in the velocity scale as shown in Figure 9. Improving the performance
of the Sparrow Hawk and Light Hawk aircraft became the focus of the study.

11
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Figure9. L/D vs. Véocity for Sparrowhawk and Light Hawk

5. Flapping M echanism

It is beyond the scope of this study to design and anayze the details of the
flapping mechanism. However, preliminary proposals for how a humanpowered
flapping system and an electric-powered sustainer are included. The genera idea behind
the two for producing low power flapping-wing propulsion lies in exciting a spring- mass

system at its natural frequency, thereby minimizing the mechanical power requirements.

The lowest power requirement would exist if the wing flapping exactly matched
the wing’s natural frequency. With a mechanical system exciting high aspect ratio wings
a their 1% bending mode, the inherent flexibility of the wing structure would help
produce large flap amplitudes. From correspondence with sailplane manufacturers, their
aircraft wing 1% bending mode frequencies ranged from 1.2 to 2.8Hz. As expected, the
greater the wingspan of the sailplane, the lower the natura frequency of its wings.
Flapping a wing structure to 1.2Hz and above would be challenging from a human

powered perspective because reduced frequency, k, would be high, and the resultant
12



propulsive efficiency, h, would be low. However, there are ways to lower the natural
frequency of a wing structure: decreasing its stiffness, or adding mass, for example.

Decreasing the stiffness of the structure was deemed unacceptable as it would require
extensive modifications to existing wings, and it would decrease the dive speed of the
aircraft. Adding weight to an aircraft is not desirable either. However, the pendlty is
minimized by adding weight at the wing tips. To “tune’ the 1* bending mode to a more
achievable range, it was hoped that this method would be the least intrusive from a

performance perspective.

If we treat the wing structure like a constant section, constant chord cantilever
beam and add a point mass near the tip, as shown in Figure 10, the natural frequency

changes as:
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Figure 10.  Cantilever with Point Mass

It was found that reducing the natural frequency of an existing wing structure by
half required an addition of 70% of the wing's original mass at the tip. While this may
seem excessive, in the case of the SparrowHawk and Light Hawk aircraft with individua

wing panel weights of just 16.8kg, “tuning” the natural frequency to half of its original
13



value could be achieved by adding 11.8kg of water ballast at the wing tips, the equivalent
of 4.4gallons for each wing. Because wing sections are tapered, and have more of their
mass near the root, the true ballast requirement would probably be lower. Since many of
today’s competition gliders incorporate water ballast tanks much larger than this inside
their wings- adding tanks near the wing tips would not be an unreasonable modification.
However, to lower the natural frequency even more, the required additional mass would
become excessive. In addition, with wing tip ballast in place, consideration must be
given to areduction in flight speeds to avoid the possibility of flutter. Therefore, in order
to not limit either aircraft’s performance, the addition of mass would be used as a
secondary means to fine-tune the aircraft’s natural frequency to the range that offers the
best thrust and efficiency. The primary means to ensure lower natural frequencies are
achievable would be to allow the spar anchoring point to move freely, on demand, within
a race with internal springs that would be tuned to be a sub-harmonic of the wing's ¥
bending frequency, as shown in Figure 11. The pilot would be able to lock the anchoring
pin to limit movement when flapping was not desired, and thus, limit the potential for
flutter.

LOCKING
PN

Pt

HingE

INTERNAL
SPRING

Figure1l. Spar Anchoring Point Movement
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a. Human-Powered System

Employing a bicycle-type pedal system with a front sprocket, rear
sprocket, and a chain to transfer power to the movement of the wings, the mechanical
losses could be expected to be low. A simple bicycle chain is one of the most
mechanically efficient drive systems available; with efficiencies up to 98.6%. This
means that less than 2 percent of the power used to turn a bike train is lost to friction
related heat. [Ref. 10] The chain would rotate a flapping crankshaft, as shown in Figure
12.

OverTHROW
—— GPRING

TUMED
SPRINES

Figure12. Chain-driven Pedal System

Considering the flapping movement, work is done at each wing stroke to
overcome the aerodynamic forces resisting the flapping wings. Inertial work must be
done to accelerate the wings at the start of every stroke. However, if the example set by
the common fruit fly is followed, the kinetic energy of each wing stroke could be
recovered through elastic storage, allowing much of the energy to be available for the
next stroke. Hence, through the use of tuned springs, inertial mechanical losses can be
assumed to be negligible. [Ref. 11] The main spar would have a hinge point near the
root of the wing. The spar anchoring point would move freely in a race with interna
springs that are tuned to a sub-harmonic of the wing's bending frequency. The spar itself
would be attached to the flapping crankshaft by means of an overthrow spring to allow
for variable flap amplitude. This system would exploit the spar and the wing's inherent
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flexibility. Thus, for every rotation of the flapping crankshaft, the spar would move

twice- flexing the wing rhythmically, as shown in Figure 13.

FRCcE

Pin

Figure13. Fuselage Cross Section

b. Sustainer System

A sustainer system would have to be more robust than a humanpowered
system. The requirement for this system is to arrest rate of descent and provide for a
0.85m/s rate of climb. Assuming an increase in maximum takeoff weight to 200kg to
account for strengthening the airframe, batteries, electric motor, and peripherals, the
power requirements for SparrowHawk or Light Hawk based sustainers would be 2713W
and 2475W respectively. Assuming 11% electrical system losses, and 5% mechanical
losses, the requirement equates to 3147W (4.2bhp) and 2871W (3.9bhp), both of which
could be satisfied with small electric motors using lightweight lithium ion batteries.
Because the power requirement is low, and the system would be used periodically- only
when reeded; the potential exists to use solar arrays to charge the batteries during normal
flight conditions.
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II.  NUMERICAL ANALYSIS

A. STRIP-THEORY APPROACH

While 3Dimensional tools may provide results with a higher level of detall, the
2-Dimensional strip-theory approach employed in this study provides an inexpensive
means to study a large parameter space. This is especially useful in studying flapping-
wing propulsion with its virtually infinite number of parameters. Once trends are made
visible through the strip-theory approach, more accurate methods can be used to provide

acloser look.

Critical to the method was the ability to treat drag and thrust independently. This
meant that as long as boundary layer separation was minimal, the profile drag of the
aircraft encountered during normal flight (steady case) would not change in flapping
wing flight (unsteady case). Then, the thrust produced through flapping would be
subtracted from the existing drag. From Reference 12: “Effectively, Ct only accounts for
the forces due to unsteady pressure distribution around the wing, since skin friction is

nearly constant in time and thus equal in steady and unsteady case.”

A srip-theory approach was used to calculate the thrust and power for a given
flapping-wing. Assumptions made in utilizing this approach included: negligible
mechanical inertial losses with no structural damping, 2D flow parallel to the fuselage
axis at every section, and flapping was geometrically linear as shown in Figure 14.
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Figure14. Modeled Semi Span Flapping (left) vs. Actual Flapping (right)
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It was initially assumed that thrust and power followed eliptica spanwise
distributions- effectively scaling as lift, as shown in Figure 15, but it was soon realized
that this was inadequate, and eventually it was assumed that sectional weighting factors
from 3-D flow solutions were used to modify 2-D data to approximate 3-D effects, such

astip losses, for power and thrust calculations.

il M

Figure15. Elliptical Lift Distribution

The anaysis began by defining the geometry of a sailplane's half- span wing
section. The geometry and dimensions of the wing were: half span, b/2, root chord, Cr,
tip chord, Ct, taper ratio, | (defined as Ct/Cr), half span area, S, and flapping angle, q, as
shown in Figure 16. Because the wing undergoes bird-like flapping, flap amplitude, h,
varies in the spanwise direction. Since the wing is tapered (i.e. the chord length changes)
the reduced frequency, Kk, also varies as a function of span position. The coefficients of
thrust and power are calculated for each individual station as it flaps at the corresponding

reduced-frequency and non-dimensional amplitude for its location.
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Figure 16. Half Span Dimensions of Interest
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Using the strip-theory approach, the half wing is approximated by a finite number
of sections with set areas, reduced frequencies, and flapping amplitudes as shown in
Figure 17. Pre-computed 2-D solutions were applied individually to determine the thrust,
and power coefficients for each segment. The 2-D segment data was corrected with 3-D
gpanwise loading factors at each station. The results were summed up to provide half-
span thrust and power. Using symmetry, the total wing thrust production and power
requirement were solved. Finally, aircraft-specific drag-polar and sink-rate data were
introduced to provide net-drag and net-sink rates.

Vo aiiii

Figure17.  Strip-theory Segmentation for Flapping-wing

B. 2-D SOLUTION METHOD

Numerical analysis was conducted using a strip-theory approach with UPOT data
computed for each segment. UPOT is a locally developed code originally developed by
Teng [Ref. 1] and is based on Hess and Smith’'s [Ref. 13] method to analyze steady,
inviscid flow over an airfoil. The unsteady portion employs the vorticity shedding
procedure of Basu and Hancock. [Ref. 14] With additional features and graphic user
interface (GUI) developed by Jones and Center [Ref. 15].

The panel-code is subject to several limitations. The Laplace equation on which it
is based is a simplified version of the Navier-Stokes equation. The viscous effects are
neglected, and subsequently the effects of separation/stall are not predicted. The panel-
code is valid only for low speed, incompressible flow (M < 0.3). Asa 2-D code, it does
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not analyze 3D effects such as wing-tip vortices, however, it does predict unsteady
streamwise pressure contributions with results that agree well with theory, extensive
experimental work, and other numerical methods. [Ref. 16]
Maximum plunge speed occurs as the product of h and k. Recall from equation 6:
arctan(hk) =a i (6)

When the product of h and k approaches 0.8, the airfoil experiences high-induced
angles of attack. Because airfoil stall is a progressive, not instantaneous devel opment, a
plunging airfoil typically experiences the onset of dynamic stall at much higher values of
angle of attack. The peak value occurs when the airfoil passes through the midpoint of its
flapping sequence; where its vertical velocity is highest. As will be shown in a later
section, the peak value occurs about the 85% span location. The time-averaged thrust
coefficient vs. reduced-frequency from Reference 12, is shown in Figure 18, illustrating
that the panel-code predicts thrust accurately to an astonishing 39 degrees. This is valid
for values where k > 1.5. However, for lower k values, this may not be the case. In the
low reduced-frequency regime, mimicking birds aeroelastic pitch variations in the
flapping cycle would be necessary to reduce the induced angle of attack out at the tips

where a; islarge.
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Figure18. Time Averaged Thrust Coefficient vs. Reduced Frequency

Further details concerning the panel-code, UPOT, its validation, and its

limitations are available in references 1, 16, 18, 19.

Modern sailplane wings possess numerous variables at different span locations,
such as: optimized laminar and turbulent airfoils, transition areas for these different
airfoil sections, and complex multiple wing tapering; it was necessary to determine how
sensitive flapping-wing thrust production was to airfoil shape and angle of attack. If
these factors proved not to be critical, then a smplified 2-D panel method using a single
airfoil section would sufficiently approximate the flow around different sailplane wing
sections. Basicaly, the simple strip-theory approach will only work if thrust production

is independent of angle of attack and airfoil shape.

In Reference 12 it was shown that thrust production was independent to changes
in mean angle of attack. In Reference 18, the effect of airfoil thickness and camber on

thrust and power production for purely plunging airfoils was also shown to be negligible.
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UPOT was used to verify data from these references. Severad NACA airfoils of
increasing thickness were put through purely plunging motion in the UPOT code. The
range of flapping amplitude, h, was 0.25 to 2.0, while the range of reduced frequency, k,
was 0.055 to 0.443.
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Figure 19.  Airfoil Thickness vs. Thrust Coefficient

It was found that the effect of thickness on a purely plunging airfoil’s thrust
production is negligible. The plot in Figure 19 is misleading as it appears to show a
decrease in thrust as thickness increases. However, the vertical scale represents a very

small percentage change in thrust coefficient; well below the numerical accuracy of the
method.

Determining if thrust was sensitive to changes in airfoil camber was accomplished
by putting several NACA airfoils of increasing camber through purely plunging motion
in UPQT.
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Figure20. Airfoil Camber vs. Thrust Coefficient

The effect of camber on a purely plunging airfoil’s thrust production is aso
negligible. Again, the apparent increase in Figure 20 is deceptive because the vertical
scale shows a small percentage change that is below the numerical accuracy of the
method.

Therefore, these runs verified that thrust production is independent of mean angle
of attack and airfoil shape. This effectively allowed one airfoil at a given angle of attack
to approximate the numerous different combinations of sailplane wings at different flight
velocities for thrust production. The screen image of a typical UPOT run is shown in
Figure 21. The runs also showed how individua UPOT runs were very time-consuming.
The data used to produce the above plots required a few hours of user-intensive
computing time. To apply a strip-theory approach, it would be necessary to sweep
through numerous cases of reduced-frequency and amplitude. Because user time was
limited, a matrix-generating version of UPOT was created to produce the required

volumes of data in a more efficient manner.
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Figure21. Purely Plunging Airfoil UPOT Screen Image

Once the results of the matrix-generating version of UPOT became available, the
data was loaded into MATLAB codes that used the strip-theory approach to calculate
power requirement s and thrust production of flapping-wing sections.

C. 3-D CORRECTIONS

CMARC is alow order, 3-D flow-solving module from the Digital Wind Tunnel
(DWT) software suite from AeroLogic. [Ref. 12] CMARC, is a PC-based version of
PMARC (Panel Method Ames Research Center), that performs 3-D potential flow
simulations. CMARC has been used to study similar cases of flapping-wing propulsion
[Ref. 12] and compares favorably with FLOWer, a finite volume, Euler, Navier/Stokes
code developed at the DLR Braunschweig (Deutsches Zentrum fur Luft- und Raumfahrt),
Germany [20, 21, 22].
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Figure22.  Propulsive Efficiency vs. Reduced Frequency

CMARC predicts higher values than the Navier-Stokes solver, but very closely

approximates the Euler results, as can be seen, in Figure 22.

Earlier versions of the strip-theory code revealed that using elliptic correction
factors for both thrust and power calculation was flawed. This earlier code did not

include wing aspect ratio as a component, nor were thrust and power coefficients scaled
appropriately.

'f_ﬁ’_-_?_-?_"?‘—r-—-
A AA T
ST

Y

Figure 23.  Straight Plunge vs. Bird-flapping Motions
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Using CMARC data for a straight plunge wing section, spanwise load factors
were produced. CMARC solutions were generously provided by S. Pollard. [Ref. 23]
The straight plunge motion was used instead of bird-flapping motion, as shown in Figure
23, because it provided a more direct comparison with UPOT, and it offered the best
approximation for spanwise load factors. Interpolating this data provided corrections for
purely plunging wing sections of differing aspect ratios, as shown in Figures 24 and 25.
The interpolating segment of code was added to the existing MATLAB programs to
create spanwise load factors for the strip-theory approach in calculating thrust and power.
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Figure24. Normalized Power Coefficient Semi-span Distribution

It is clearly shown in Figures 24 and 25 that thrust and power coefficients do not
follow éliptical distributions, and are different from one another as well. The spanwise
distribution of normalized power coefficient is shown in Figure 24; while the span-wise
distribution of normalized thrust coefficient is shown in Figure 25.
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Figure25. Normalized Thrust Coefficient Semi-span Distribution

It can also be seen that as aspect ratio increases, the 3-D results rapidly approach
the 2-D results as the losses are confined to a small region near the tip. There is a clear
difference between aspect ratio 4, which exhibits degradation of thrust starting from 35%
span and aspect ratio 100 that shows little losses up to 90% span. Aspect ratio 20, which
has good thrust performance up to 70% span, closely approximates the Sparrow Hawk
and Light Hawk ultralight sailplanes with aspect ratios of 18.6 and 19.2 respectively.

Because of 3-D effects, the wingtip isimmersed in the wingtip vortex. Therefore
the limiting induced angle of attack occurs inboard along the span. The plot of CMARC

data for spanwise thrust coefficient distribution in Figure 26 illustrates this phenomenon.
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Figure 26. Thrust Coefficient vs. Semi-span Position

Thrust peaks at the 85% semi-span location, as the figure also shows. This
position is where the 39 degree induced angle of attack limit should be applied.

D. VALIDATION

It was necessary to determine if the assumptions that were made for the numerical
method were valid. CMARC solutions for bird-like flapping wings were produced by S.
Pollard. [Ref. 23] A new application of the strip-theory MATLAB code was created in
hopes of reproducing the CMARC solutions.

The output from this version of the code was compared with CMARC solutions
for a finite-span flapping-wing. Severa runs were made with varying values of reduced
frequency, k, and flapping angles, F, to match the flapping-wing data provided with
CMARC. The three runs were for an aspect ratio 20 wing, with no taper, with aflapping
angle of 10 degrees. k =0.2, k =0.4, k = 0.6.
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Figure27. Vadidation code vs. CMARC Datafor Cp

The strip-theory approach utilized in this study closely approximates the CMARC
data for spanrwise variation of power-coefficient, as shown in Figure 27. The close
correlation provided validation for the numerical method employed in solving flapping-

wing thrust production and power consumption.
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Figure28. Validation code vs. CMARC Datafor Ct

Similarly, the strip-theory approach closely approximates the results obtained
from the CMARC data for span wise variation of thrust-coefficient, as illustrated in
Figure 28. CMARC predicts more power and thrust from the wing root to about the mid-
wing position, while less power and thrust occur near the wing tip. This is most likely
due to the stronger tip vortex in the CMARC solution. Recall that the spanwise load
correction factors used in the strip-theory approach were produced with a purely plunging
motion, vice a bird-flapping motion. The bird-flapping model would experience a
stronger tip vortex than the MATLAB code would experience. The strip-theory approach
seems to provide a worst-case scenario for the wing load factor. Knowing this is
beneficia as it would help the designer know how to build the wing sections as most
flapping-induced load factors should remain below this predicted level.

The close correlation between the results from the numerica method and the

results obtained from CMARC demonstrate that the strip-theory approach is valid.
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A. IDENTIFYING TRENDS

The first three applications of the code utilized the strip-theory approach to
calculate thrust output and power requirement of a flapping wing. The first application
swept through flapping angles from 0 to 15 degrees and the velocity range of the aircraft
with a user defined input for flapping frequency. The second application varied flapping
angle and flapping frequency from 0.01 to 1.5Hz with a user defined input for flight
velocity. The third application swept through the velocity and frequency range with a

user defined input of flapping angle.
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Loading the Light Hawk sailplan€e’s drag data into the first application produced
Figure 29, a contour of sink-rate for a flapping frequency of 0.75Hz, with velocity and
flapping angle being varied. The negative contours, where flapping angle is high, apply

to negative net sink, or actua climb rates. The minimum sink-rate of 0.42m/s for the
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base Light Hawk aircraft occurs at a velocity of 12.5m/s, and is designated by the dashed
horizontal line in the plot. As the flapping angle nears zero, thrust approaches zero, and
the minimum sink velocity approaches the original minimum sink velocity of 12.5m/s.
As the flapping angle increases the flapping amplitude, h, increases. The contour lines
become closely spaced at the higher flapping angles, meaning that increased thrust is
offsetting the sink-rate more effectively. This agrees well with 2-D theory where thrust
increases as the tapping amplitude squared. The larger the flapping angle, the more
beneficial it isto fly at higher velocities. Be aware this trend pays no heed to what the

power requirement is.
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Figure30. Thrust Plots for Varying Flapping Angles and Frequencies

The second application yields the behavior of thrust with varying flapping angles
and flapping frequencies for the flight velocity of 15m/s. It is clear that the lower
flapping angles produce very little benefit, in Figure 30. The thrust is accessible at low to

medium frequencies where flapping angles are high.
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Figure 31. Sink-rate Contour for Varying Velocity and Frequency

The third application’s sink-rate contour for a flapping angle of 10 degrees, with
velocity and frequency being varied is shown in Figure 31. Again, the minimum sink-
rate for the stock aircraft is 0.42m/s at a velocity of 12.5m/s designated by the horizontal
dashed line. The close spacing of the contours as frequency increases points to the trend
that thrust increases as the square of the flapping frequency. This suggests that it is more
beneficial to fly at higher velocities if frequency is increased; essentially at a lower
reduced frequency, k. However, like Figure 29 before, the power requirement is ignored.
It is interesting to point out that i a line is drawn through each of the lowest sink-rate
points (the vertical section of each contour line), the resulting curve asymptotically
approaches the 12.5m/s minimum sink-rate of the stock aircraft. Asan example, it can be
seen that a 50% reduction in minimum sink would require a flapping angle of 7 degrees

at afrequency of 0.45Hz.

The first three applications of the code were useful in viewing the relationships
between the different parameters and helped point the way toward future optimizations.
They showed that propulsive efficiency was least affected by changes in flapping angle- a
trend that would be further exploited in later applications. The first applications of the
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code suggest that propulsive efficiency increases at higher velocities. Recalling equation

(2), efficiency increases as reduced frequency, k, decreases.

k:2pfc
U

D

To make k as small as possible, it is necessary to increase velocity, decrease
flapping frequency, and decrease chord length. This agrees with theory, where efficiency
asymptotically approaches 100% as k goesto 0. [Ref. 17]

B. CONSTRAINTS

An improved application of the code was produced that included an iterative
method for finding the maximum thrust available given a user-specified power constraint.
Since the aircraft are limited by human power output (200W), what parameters could be
optimized to maximize thrust? As mentioned earlier, propulsive efficiency was least
affected by changes in flapping angle. In addition, flapping angle is not tied to the
structure of the airframe. The constraining code used the secant method to determine the
flapping angle that would satisfy the specified power restriction as velocity and flapping
frequency were varied. As velocity increased, the allowable flap angle for a given
frequency decreased, likewise, at lower velocities large flap angles were allowed with
higher frequencies. An illustration of how this works is shown in Figure 32, where the

power plateaus at the specified power restriction of 1250W.
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The wing is free to move at the maximum flapping angle of 15 degrees until the
power requirement reaches 1250W as shown by the plateau on the left. On the right, this
corresponds to the rise of the power requirement as the flapping frequency increases for
the given flapping angle of 15 degrees. When the power constraint is met, the flapping
angle is curtailed to keep the power requirement at the limit. The power plateau on the
right corresponds to the decrease in flapping angle to the left.

The constraining code was subsequently tallored to the three aircraft
configurations in this study: the humanpowered SparrowHawk and Light Hawk
applications included aircraft-specific drag-polar data that was obtained from the
respective manufacturers. In addition, the flight velocities, flapping frequencies, and
flapping angles were tailored for the aircraft. The fina aircraft was an electric-powered
sustainer version of the Light Hawk sailplane. The guideline for the sustainer system isto
arrest sink-rate and provide for a maximum 0.85m/s climb rate. As noted earlier, after
losses were considered, the Light Hawk aircraft required 2875W to meet the criteria. The
sustainer application found the most efficient means of thrust production using a 2875W
imbedded power restriction.
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1 Human-Power ed SparrowHawk Results

The relatively short span of this configuration allows for larger maximum flap
angles with a maximum flapping frequency of 1.0Hz. Limiting the 85% span location to
a maximum of 39 degrees as shown in Reference 12 required holding the wing flapping
angle below 16 degrees for the minimum sink velocity of 20.5m/s, and below 19 degrees
for the L/Dmax flight velocity of 27.9m/s. To ensure the solutions did not exceed the
limits of UPQT, the flapping angle was limited to +/-15 degrees. The 200W imbedded
power restriction alows for approximately 9N of thrust available at minimum sink
velocity (20.5m/s), as shown in Figure 33. This requires 13 degrees of flapping angle
with as low as a 0.25Hz flapping frequency. Under constraints the actual maximum

induced angle of attack never exceeded 9.6 degrees.
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Figure33. SparrowHawk Thrust Production
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At the L/Dnax Velocity (27.9m/s) the thrust available is 6N, occurring at a flapping
frequency of 0.2Hz and 13 to 14 degrees of flapping angle. This thrust partially offsets
drag and reduces the SparrowHawk’ s sink-rate as shown in Figures 34, 35, and 36.
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Figure 34. SparrowHawk Net Drag

The characteristic drag bucket is made more pronounced by thrust produced by
the flapping- wing segments. The SparrowHawk'’ s lowest drag count is normally 42.6N at
L/Dmax velocity. The value falls below 36.3N, a 15% reduction, as shown in Figure 34.
The sailplane's new L/Dmax increases from 36.5:1 to amost 43:1 on 200W of human
power. It isinteresting to note that the aircraft can now maintain the origina L/Dmax drag
value of 42.6N, once available only at a singular flight speed, throughout the wide
velocity range of 21m/s to 33m/s. Maintaining this low drag up to 33m/s equates to
flying a L/Dmax 20% faster than before.
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Figure 35. SparrowHawk expanded L/D vs. Velocity

To further illustrate the improvement in L/D, Figure 35 was created.
Superimposed on the stock aircraft’s curve is the flapping SparrowHawk's L/D data. The
expanded flight envelope that makes for a more versatile cross-country sailplane can be

clearly seen in the figure.
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Figure 36. SparrowHawk Sink Rate

The benefits realized through flapping-wing propulsion in decreasing minimum
sink are shown in Figure 36. The stock SparrowHawk's minimum sink-rate of 0.66m/s
occurs at 20.5m/s. The net value of 0.55m/s is 16% lower and gives the SparrowHawk a
lower minimum sink-rate than amost all FAI 15m class sailplanes. Moreover, a lower
snk-rate than the original can be maintained throughout a range of flight speeds from just
above stall speed to 26m/s. At the higher velocity, SparrowHawk would be flying 27%
faster than its baseline minimum sink velocity with no increase in sink rate.
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Figure37. SparrowHawk Flapping Angle Variation

The way in which the code adjusts the flapping angle in response to the specified
power restriction of 200W is shown in Figure 37. The wing is free to flap to the 15
degree maximum up to 0.2Hz near the stall speed, and 0.1Hz at the high end of the

velocity range.

It is interesting to note from the figures that although specific levels of thrust, net-
drag, and net-sink rates could also be achieved at high flapping frequencies with smaller
flapping angles; the lowest frequency at which the desired parameter appeared was
chosen, because propulsive efficiency favors low flapping frequencies and large flapping
angles, as discussed earlier.
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Figure38. SparrowHawk Propulsive Efficiency Contour

The propulsive efficiency determined for SoarrowHawk is approximately 87% for
the minimum sink regime (20.5m/s), and 88% for the L/Dmax regime (27.9m/s), as shown
in Figure 38. The contours follow the trend stated earlier that propulsive efficiency
favors higher airspeeds (i.e. L/Dmax)-

2. Human-Powered Light Hawk Results

With a more conventiona 15m span and sower flight speeds, the flapping
amplitude of the Lighthawk is limited by the induced angle of attack its wings would
encounter as they flapped. Staying below 39 degrees angle of attack at the 85% span
location requires holding the wing-flapping angle below +/-7 degrees for the minimum
sink velocity of 12.5m/s, and 10 degrees for the L/Dnax flight velocity of 16.9m/s.
Clearly, the low flapping angles are not beneficial for thrust production. However,
limiting the flapping frequency to 0.7Hz lowers the reduced frequency, k, to 0.18 at
minimum sink velocity. This allows flapping angles of 15 degrees for L/Dmax flight

velocity, and 11 degrees for min sink velocity. To ensure no solution exceeded UPOT’s
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limits, the code was run with +/-10 degrees where maximum expected a; at the 85% span
location is 38 degrees. Under congtraints the maximum induced angle of attack never

exceeded 12.6 degrees.

The 200W specified power constraint allows for approximately 13N of thrust
available at minimum sink velocity (12.5m/s), as shown in Figure 39. This requires 10

degrees of flapping angle with alow 0.25Hz flapping frequency.
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Figure 39. Light Hawk Thrust Production

At the L/Dmax Velocity (16.9m/s), 10N of thrust are available with the specified
200W power congtraint. This level of thrust occurs at a flapping frequency of 0.2Hz and
9 to 10 degrees of flapping angle, and it partially offsets drag and reduces the Light
Hawk’ s snk-rate as shown in Figures 40, 41, and 42.
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Figure40. Light Hawk Drag Reduction

The Light Hawk's lowest drag force is normaly 44.3N a L/Dnax velocity
(16.9m/s). Under human power, the value falls below 35.5N, a 20% reduction, as shown
in Figure 40. The salplan€’s new L/Dmax increases from 35:1 to 41.8:1 on 200W of
human power. The aircraft can now maintain its original L/Dnax drag value of 44.3N,
once available only at a singular flight speed, from just above stall speed to 23m/s. At
23m/s, the aircraft would be flying 36% faster than its original L/Dmax velocity with the

same low drag value.
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The improvement in L/D is clearly shown in Figure 41. The new L/D data is
superimposed on the stock aircraft’s curve showing the flapping Light Hawk’s expanded
flight envelope. With the increase in L/D at the higher velocities, the aircraft would have

improved cross-country potential.
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Figure42. Light Hawk Sink Rate

The stock Light Hawk’s benchmark minimum sink-rate of 0.42m/s at 12.5m/sis
matched only by three open class sailplares with wingspans greater than 24.5m. The net
value of 0.32m/s, shown in Figure 42, lowers the sink-rate an additional 24%. No other
sailplane, let alone bird or winged mammal, can match this sink rate. Moreover, sink
rates lower than the stock aircraft can be maintained from just above stall speed to
17.5m/s. At the higher velocity, Light Hawk would be flying 40% faster than its baseline

minimum sink velocity with no increase in sink rate.
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Figure43. Light Hawk Flapping Angle Variation

The way in which the flapping angle is tailored to conform to the 200W power
constraint is shown in Figure 43. The wing is free to flap to the 10 degree maximum up
to 0.2Hz near the stall speed, and 0.1Hz at the high end of the velocity range. The most
useful flapping angles vary from 9.5 degrees to 8 degrees at a flapping frequency of
0.2Hz.
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Figure44. Light Hawk Propulsive Efficiency

The variation in propulsive efficiency throughout the velocity and flapping
frequency ranges is shown in Figure 44. Propulsive efficiency varies from 85% to 86%
depending on flight velocity at minimum sink or L/Dpa.

3. Sustainer Results

The sustainer system is modeled around the Light Hawk aircraft. The code was
run using a specified power constraint of 2875W, the amount required to arrest sink-rate

and provide for a0.85m/s rate of climb.
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Figure45. Sustainer Thrust Production

The highest thrust levels are achievable a low flight velocities, as shown in
Figure 45. Thisissimilar in behavior to propeller thrust production, where static thrust is
the highest value, and increases in airspeed cause a reduction in thrust due to the decrease
in induced blade pitch angles.
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Figure46. Sustainer Net Drag

Negative contour lines indicate thrust is greater than drag, as shown in Figure 46.
The thrust required to arrest sink-rate for a Light Hawk is 45N, represented by the net
drag contour line of zero. The sustainer produces sufficient thrust throughout the Light
Hawk's flight speed envelope to arrest sink rate. Flying along the zero contour line
essentially provides the Light Hawk with an L/D of infinity; of interest for pilots using
the system to “buy time” to search for better conditions while minimizing the power drain
on the batteries. The power requirement of flying along this contour line varies from
700W at 15m/s up to 1800W at 31m/s.
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Figure47. Sustainer Climb and Sink Rates

The performance goa of the sustainer aircraft is a climb rate of 0.85m/s. Thisis

available from a flapping frequency of 0.68Hz at a flight velocity of 19m/s, as shown in

Figure 47. The zero sink-rate contour, where sink-rate is arrested, occurs as low as 0.4Hz
at aflight speed of 16m/s.
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Figure48. Sustainer Propulsive Efficiency

As expected, propulsive efficiency suffers as the flapping frequency increases and
the flight speed decreases, shown here in Figure 48. The highest efficiency occurs where
the sustainer system’s usefulness is negligible. As the old adage goes. “efficiency
doesn’'t propel, thrust does.” If the intent is to use the sustainer to arrest the sink-rate and
return to base; the pilot needs to fly at zero sink-rate by setting a 0.4Hz flapping
frequency as shown in Figure 47, which yields a propulsive efficiency of 0.80 to 0.85,
depending on flight speed. However, if the pilot needs to perform a full power 0.85m/s
rate of climb, propulsive efficiency dropsto 0.78. Even at this level, this system is vastly
superior to existing sustainer systems currently on the market.

Looking a the motorglider/sustainer database available in Appendix D, the
system efficiencies for sustainer systems start at 46% for the Duo Discus T up to 50% for
the Discus 2T. The system efficiency is defined here as the combination of propeller
efficiency and the losses caused by drag on the exposed propulsion system. These

systems, as discussed before, are characterized by their use of small diameter, multi-
51



bladed propellers. The propulsive systems motors consist of small two-stroke units that
produce best power at 5750-6500 rpm. The propellers are direct-drive, or with small
reduction gearing, thus they turn at very high speeds that decrease efficiency. In
addition, the multiple blades cause interference losses that further decrease propeller

efficiency.

The system efficiency for a Light Hawk based sustainer consists of the propulsive
efficiency, stated above as varying between 78% and 85% depending on flight speed, and
mechanical losses, estimated at 5%. The total system efficiency for the flapping-wing
sustainer would vary between 74.1% and 80.8%, dependent on flight speed- a significant

increase from the Discus 46% to 50%.
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V. CONCLUSIONS

In this paper, flapping-wing propulsion as a means of drag reduction was
investigated numerically. This study was conducted with the hope that the inherent
flexibility of high aspect ratio sailplane wings could be harnessed to flap at their natural

frequencies.

The numerical method used a strip-theory approach, applying 3-D corrections to
2-D data. Thrust and power coefficients were computed for flapping-wing sections.
Spanwise load factors were applied o calculate total wing thrust production and power
consumption. The approach was deemed suitable as results from this numerical method
compared favorably with established CMARC 3-D results.

New applications of the method were used to determine trends in thrust and
power coefficients with changes in velocity, flapping angle, and flapping frequency
parameters. With the information acquired from these results, a constraining code was
written to determine what combinations of these parameters would provide for the
highest thrust given specified power constraints.

The results of these aircraft-tailored constraining codes clearly show that marked
improvements in minimum sink and L/Dnax  performance parameters for ultralight
sailplanes are possible by means of humanpowered flapping-wing propulsion.
Theoretical decreases in minimum sink are 16% for the SparrowHawk, and 24% for the
Light Hawk sailplanes. Likewise, L/Dmax may aso be improved 15% from 36.5:1 to 42:1,
and 20% from 35:1 to 41.8:1, respectively. These gains in performance would be
possible with high propulsive efficiencies in the 85% to 88% range.

The Light Hawk-based sustainer system can arrest sink-rate and provide for a
0.85m/s rate of climb using just 2875W (3.9bhp). In addition, zero sink-rate can be
maintained throughout the Light Hawk' s flight envelope from as low as 700W (0.94bhp).
These results come with a favorable propulsive efficiency range of 78% to 85%, and total
system efficiencies of 74.1% to 80.8%, depending on flight speed.
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V. RECOMMENDATIONS

Using 2-D panel-code data in a strip-theory approach alows for a rather
inexpensive means of studying flapping-wing propulsion. There are virtually endless
flapping-wing configurations and parameters where this numerical method could be
applied. This study concerned itself with limited power applications to offset airframe
drag. To further probe in this direction, more time could be spent studying the extreme
cases. low frequency with large flapping angle propulsion, and high frequency with small
flapping angle propulsion. Perhaps a combination could be applied to drag reduction in

large commercial aircraft surfaces.

From a numerica analysis view, more time could be spent refining the method to
investigate both plunging and pitching airfoil motions. The task is a daunting one, as it
would require interpolating data from 4-D matrices that would include: plunge amplitude,

pitch amplitude, phase, and frequency.

From a structural standpoint, ways of tuning the natural frequency of wings to
desired levels could be studied. By giving control of this parameter to the pilot, the
aircraft flight envelope need not be restricted to avoid flutter. Perhaps it is not necessary.
Maybe high aspect ratio, flexible wings with fixed low natural frequencies can be
sufficiently controlled at higher flight speeds through active controls (i.e. fly-by-wire).

Obvioudly, more time could be spent refining the flapping mechanism. A wind-
tunnel model would help verify the numerical results experimentally. A flying model of

a sustainer system would also be beneficial.
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SaiCiomes 2240 0631 2.7 325 0 24 1377 a9 .56 581 11.3 ' d.511 2072 1295 0513 0253 | Sie Cerus
Mesgeiie D795 0610 2500 3BT 2 1364 7462 0.56 660 131 0504 2260 1412 0555 0201 | Mesguis
MinfWmbes 2072 0841 E1E 3179 JER 13 T 058 G74 131  0EIS 2137 1395 055 0275 | sinifimbes
ASWH M43 0619 2347 IED QTR 1355 TR 1i=y G670 133 0807 2135 1334 D534 0267 | ASW 20
RSW2F  MDO 051 A9 IBE 275 201 TIIR ez vi0 145 0488 |267 0480 2334 1.390 0556 0278 AT 27
LS3a .43 0613 1BD1 3164 3| 2215 TOH 0.8 637 137 | 0807 1638 1024 D410 0.208 L5.3a
LS5 AT 08 O 4D 304 1518 BS54 0.Es vE | 153 0.498 2.079 1300 D520 0.260 LS5
DiscwsZab 2214 0804 ZHE1 477 341 1771 6452 0.EE 7.6 | 153 0.E02 [2.B5 |01 2.030 1.269 0503 0.264 | DiscusZab
LS8 2430831 2068 435 31X 18537 6130 nes r.a1 153 0.5 1.872 1170 D453 0.234 LS8
DG.200 261 0819 M2 3E6 | 273 12ar T3S 0e G.64 | 130 08507 | 2.5 (D401 2284 1434 0574 0267 OG-8
DG.AOD &4 0591 2576 406 1M 1359 BSM 0.EE THI | 153 0498 (247 D477 2.070 1.294 D517 0280 DGg0d
LAK-iTa 2483 0570 2Bl 340 2E2 1713 TEN 0E2 548 | 132 0491 2278 1424 0559 0.266| LAK-17a
WME 16 1B35 0535 23 172 11.653 ne2 4.33 B.7  0.496
Genesig 2 D018 0573 BEF 400 L 1130 67X 0.5 vAE | 153 0.494 2212 1353 DA33 0277 | Genesie 2
BI0661 561 0540 B0 3IEE | QEE 1TA3  TSA3 0.En o0 | 146 0481 SI0sE1
SIhfMana TS 053 VR 36 1SS 1041 3dad 0.54 584 11.0  0.498 311 2032 D313 0406 | sHeDiana
RusmedC  EX 0840 2215 187 | 1.47 0291 2305 1440 0575 (260 | Reccksbl
AMSAE TR31 0570 1851 1B 1. 034 AP 13
APSUL TE31 0570 1BS0 172 129 0934 ATIE LIL
FW-5 17T 0351 AFe0 375 B0 0BT TaES 0.68 541 A7 | 0.E4 2.3400 1452 0535 0292 -5
LIZ5ele  1E11 0853 1904 D06 Q05 1364 43381 176 1555 DAT2 0339 0154 | L3 Soin
&C AR sink Us bhp kW CL Sustain kW Eta f f f f
Spamew SPARRDWHAWK
IBEY 0533 1955 111 063 10X M5 0.40 24 A6 0478 2106 1396 05X 0263
Clmagon 1266 0519 1162 102 076 1266 6448 0.z 208 | 44 0470 CARGONR DAAGON
Ught 1527 0412 1250 067 065 141 20475 09 205 47 0438 Light Hamhs
AVAT 656 054 2375 ) 440 328 1066 6117 0 858 190 | 0449 2038 1374 030 0260 ASW W
ASW2PEL B0 0T FE 0 421 A4 138 B39 0.40 966 I35 041 2334 105 050 0051 RSW TEL
DO-ERNT A 04T 2B 33D 24B «DROL B0 044 PO 165 0420 | 213 D000 s DRG0 R B DO-GaR
LAM-17a  EE000 0030 2B | DB AT 149 925 0.4 A1 142 1 0.430 2642 16D 0GEE) 0330 LAK-1Ta
RASHZE  AT0S 0473 A6 33 0 247 1591 813 .44 v04 165 | 0427 | 21200 1325 0530 0,265 ASHZE
Nenbusd ST 0357 A6 JEE 0 AES 153 THS 0.33 916 235 0.289 ) 14 |0OTT 3020 1953 0505 0.25]]  Menbusd
i AR sink Us bhp CL Sustain kW SysEta F f F i AT
my e min sink Hz k=0ck=02k=01k= 001
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APPENDIX B. SCHEMPP-HIRTH SUSTAINERS
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Motorsegler
mit “Turbo™ Hilfsantrieb

Sahr einfache Triebwerks-Bedienung
Geringes Mehrgewicht

ca. 200 km Reichweite

(nach Sagezahnmethode)

® Gute Steigleistung und leise

Schermpp-Hirth Flugzewge mit dem emmaligen "Turba™
Antrisbesystam [nach Prol, Oehler) sind die lechnolo-
gisch britante Verwirkichung ener Konzeption, welche
als Allernalive zu sedbststartendan Molorseglem schan
won Wolf Hirth anerkannt wordien wist und sich langst
in Hurdarien anderer Modsle welbweit bewahn hat.

Die Vorelle dieses Antriebs liegen dabei im wesenll-
chen in seiner Belriebssicherhel, der einfachen Be-
deenung und Warlung, im unkomplizierten Aufbau und
michit zulelzl im gerngen Gewicht, so dai@ im Vergleich
zu reinen Sadgeifllugzeugen (deren Emsatzspakirum
durch den "Turba® natlrich wait Gbertroffan wird)
Letstungseinbulen prakbsch nichl zu verzeichnen
sind

Das "Turto -Antriebasystam st in arster Linie als

“Flautenschisber” und Rilckkehrhitte gedacht
Aubeniandungen kinnen jelzt also mit hdchstmag-

ichater Sicherhed vermieden wardan. Es kann aber

nach ginem Aulc-, Winden- cder Flugzeugechiapp

auch zum Wandersegelfiug oder 2 B. zum Emstiag

In afne Welle singesetzt warden

Powered sailplane
with "Turbo™ power system

& Vary simple engine control

Low additional weight

® Range approx. 110 nm - based on
sawtooth (climbiglide) method

& Good climb rate - low noise

: R

Pt
PS oot

Schempp-Hirth aircraft with thair unique "Turbo®
systemn ara tha tachnaologically brilliant realization of 8
concept which Wall Hirth in his day acknowiedged as
an allernative to self-launching powered sadplanas
& |5 kong since being proven workbwide in hundreds
of our models

The mosi substantial advantages of this power syslam
are its operalional rebability, simple engine controd and
maintenance, an uncomplicated structure and last bul
not least its low waight. This means that compared
wilh pure sailplanes (the ulilisaticn spectrum of which
is, of cowrse, widely surpassed) paformance penafieg
are practically non-existant

The “Turbe” propulsion system is primarily inlended o
overcome dead air corditions and 1o avold tedious
relrieves - off-field landings may now be salely
avoided. Secondly the "Turbo® also makes passible
sparing safaris ar, lor instance, wave exploradory
Nighits from places where launching facliilias by auto,
winch or asrotow exis|

Folo: Peier P Salingar

.
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Der "D Discus T wind durch einen 22 KW SOLO
Zweizylinder-Zweltakt-Mator angetrichen und durch
@ine glektrische Spindel mit Gasfederumerstitzung
aus- und eingefabren. Anlassar, Choke oder Gashebel
sind micht eforderlich - dor Molor speingt schan bei
ca, 85 kmih durch den Windmuhdaneffekt der unter-
selzlan und larmoplimiarien vielblatl-Faltiuit-
schraube von selbsl an und |Gul sieds mil der ein-
gastallien vollan Leistung

Das Abstellen erfolgl durch Ausschatlen der Zondung
und Zuricknehmen der Fahrt, Eingefahren wird nach
Trisbwarks=lillsiand ohna Ricksicht aul die Propetier-
stellung - dm: Blatler Ralten skeh autormatisch in.
Eine Stromversargung (12 V) ist wr e den Spindel-
andrieb, dis Kraftslof-Zusatzpempe und die ILEC
Mulgifunkiions-Triebwerkssteusrung arfordaerbch.
Letztere ist auf Wunsch auch flir den hinteren Sitz
arhiltich

Selbstverstandlich kann der "Due Discus T auch
jederreil inain regulares Segeflugzeug zurlck-
verwandelt werden, de Malar, Propalless und Spenidad
{und camit etwa 35 kg Gewicht) in kurzer Zeit entfermt
woridan kannen - die im Flugzeug verbleibanden
Komgponanten werden durch den serienmakigen
Kohlefaserrumgd des "Duo Discus T° leicht aus-
gegiichen.

The "Due Discus T s powerad by a 22 W S0LO
two-cylinder, Iwo-stroke engine which exterdsiretracts
by eans of an electrical spindle drive, assisted by a
gas sirul, Starier, choke or throtle are nod reguired

- Ihe erygine is started by ihe windmiling effect of the
gearad- and noise-oplimized multi-blads folding
propeller at a speed of about 51 knots and |s presal to
operate always at full power.

The engina is sloppad by swilching "off™ the igniten
ard reduang the spesd. Once the windmilling prog
has stoppead, the power plant is retracted regardless of
the positian of the prog blades ag they fold up auta-
matcally

Electrical power (12 V) s onby required for spindla
drive, booater purnp and ILEC multi-functicn engine
control umt, On request thi latter & also available far
ihe rear seat.

Of course the "Duo Discus T may also be comvamed
any time into a pure sailplane, as the engine with progp
and spindle drive are quickly removabie (thus saving a
mass of approx. 77 1b) - the remaining power plant
cHTpanents ars easity compansated by the standard
carbon fiber fusalage.

e 3
Leistungsdaten Performance data
Spannwile 200 m Wing span 6562 It
Fligelfache 164 m? Wing area 176.53 sqft
Flachanbealastung M7 42T kg/m’ Wing loading BE-87 Ibi=gh
Glaitzah! 45 Best LID 45
Leergewicht ca. 453 kg Emly mass approx. 242
Hachstgewicht 700 kg Max. all-up mass 18443 b

L Tankinhalt ca. 160 I ) b Tank capacity approx. 42 U5 gal

Andefungan domsnakan

SCHEMPP-HIRTH FLUGZEUGBAU KIRCHHEIM/TECK

Krebenstralla 26 - D-T3230 KirchheimiTeck * Telefon (07021) 72 98 0 « Telefax (07021) 72 28 198

J
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Standardklasse
Hochleistungs-Motorsegler
(nicht eigenstartfihig)

Sahr ainfache Triebwerksbedienung
Geringes Gewicht des Antriesbssystems
"Sagezahn"-Reichweite Uber 300 km
Gute Steigleistung

Eine Idee selzt sich duren ... und ISt Baube eine welbveit
m Einsatz befindliche und bewdbrie Allernative zu selbst-
startenden Malorseglern und reinen Segalflugzeugen:

Das “Turbo -Aninebssysiem fir Schempp-Hirh-Flugreuge
[nach Praf. Oehiar)

[he Varteils gegentber Sedbststantam begen cabal im wa-
senflichen im unkompliziarten Aufbau dieses Hifsantrishes,
in der eirfachen Bedienung und YWariumg, in des damit ver-
bundenen Betnebssicherhed und vor allem im srhebich
garingaran Gewicht,
Selbst der Vergleich mit normmaken Segaflugzeugen gehl zu
Gunstan des "Turbo™Systems aus, da Einbullan in den
Letstungen und Eigenschaften prakisch nicht zu verzeich-
nen sind, deran Einsalzspekinum sber um ein Vielsches
uhertrofien wird:
=—-5chlieRlich kinnen Dank des Hifsantristes nichl nur Fla-
n lberoriickt und Aulleniandungen mi hichstmagiichsier
ssherheil vermieden warden, auch /m Wandarsagealiiug
oder 2.8, bed der Suche nach ‘Wellanaufwinden hat sich das
"Turbe"-Systém lbngst bewihrt (wobei das anerkannt gute
Fligelprofil die um atwa 4 kgire hobaers Flachonbalastiung
mihehos varkraftet 1)

L

Standard Class
High Performance Powered Sailplane
(not capable of self-launching)

® Very simple engine control
® Low weight of power plant
® "Sawtooth"-range approx, 160 nm
]

Good climb rate

An idea g spreading .......... and today there s & waorkd-wide
operaled and proven alternalive to selHaunchirg motor-
giichers and pura sailplanes:

The "Turba® propulsion system for Schampp-Hirth aircreft
{by Prof. Qehler),

Carmpared wilth sall-launching sailptanes, e grealest
advantages are the uncomplicated struciure of the power
ayatarm, the simple controll and maintenance, the associated
oparational reliabidlity and in particular, the considerably
lighiberr wesght,

Even a compsrisian wilh pasne salplaesias comes aul in
tavour of the "Turbe” propuleian eystem, snca the panatiss
in performance and handling are virtually non-axisiant
Ther ullizalion specirum, however, s widely surpassad:
Mot oty may dead-sr conditions be overcome and aff-fisld
landings safaly aoided, e "Turbo™ suslainer engine is
alzo wel suited for “soaring salars” or for instance,
axploralony wave flights (thanks b its ackrowledged fine
alrfoil saction the approx. 0.8 Ib#ft" higher wing loading is
taken with easel
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Aus- und pincefabnen wird das Peeizginder- Dweitnkt-Trish
werk (SOLO, Type 2350, 15.3 kW) mitels eines e ekiri-
schen Spindelantriebes, der Gber ain speziel fir den
*Turka"-Antrieb ertwickelies Multifunkliore-Bediental ange-
slaver wirnd walches mit Leuchidioden auwch Drehzandberei-
chie, Irabvwerksendstellungen, Batlenespannung usw. an-
reigl

Zu badienan sind nur Zindschalter, Brandhatin und De-
kompressianegeiff. Anlaeser, GChoke odar Gashebal gibt as
nicht

Dier Motor spaagh durch den YWindmonieneffekt dar Viel-
blati-Luftschrause bei ca, 130 kmifh von salbst an und (At
dann siats mit der singaestellien wollen Lesiung

Das Abstellen des Trebwerks erfoigt durch "Zand ung aus’
umd Zuricknehmen der Fahrt aut ca. 80 bis 100 kmdh, Ein-
gelanren wed nach Shistand des Motors chine Rlcksichl
aul dhe: Propellerstellung, da sich die BSber aulomatisch
fallon

Fir Stendardkasse-Welthewarba kann der DISCLIS-ZT
natirlich jederzeit in ain reines Segelflugzeug zunich-
veraandelt werdan, da sich das Trisbwerk mit Lufischrauba
und Akku i kurzestes Zait entfernan B8 (und damit fast
M kg Gewicht gingespant werden),

The SOLD two-ayiinder, two-atroka anging [lype 2350,
15.3 kW) i extendrd ana retracted by meaans of an
electrical spindle drive, which s oporated by an ILEC mult
funeticsn eontral uail, pispasely developed for the “Turbo®
systern, [ts LED signals provide information on RPMs,
battery voltage, extrame positicns of lhe power plam ate

Thie only engirme conbrols afe ignficn swilch, fuel shut-of
vileer and docomprasssan bandke, Stadar, choke of throtte
aa nol nasded.

The engine is started by the windmiling affect of the muli-
blade falding propelier at ebout 70 krats and is preset o
operae &t iull power,

It is steoped by switcheng he initen o "OFF and reducing
tha spead 1o about 49 1o 54 Knots, Once the windmilling
propedler has stopped. the power @lant is retrasted
regardiesa of the position of tha propeller b ades - they fald
up aulocmatically.

Far sanclioned conlests the ISCUS-2T can be quickly
resloced to a sailplane complying with tho Stendard Class
rules, =4 the enging, propeder and baltery are quickly
remoxable (thus giving a welghl smang of &l mos] BG b

( TECHNISCHE DATEN ki
Spanrweits 1500 m
Fliigelfache 1016 mF
Fligelstreckung 222
Leergewicht ca, 200 kg
Maximales Fluggewichl 525 kg
Flachanbatastung 35.5-51.7 kg'm®
"Sagezahn”-Reichweite
bel festem 1251

LRumpﬂank ca. 300 Kkm

& Y
TECHNICAL DATA
Wing span 4821
Wing area 109.36 f*
Aspect ratio 222
Emty mass appros, 639 b
Max. all-up mass 1157 Ib
Wing loading 7.3-106 Ibfe
Range in "saw tooth” -
mede with fixed 3.3 Gal
fuselage tank approx. 180 nm

e

Andarungen varbehelien

SCHEMPP-HIRTH FLUGZEUGBAU KIRCHHEIM/TECK

Krebhenstralle 25 - D-75230 KirchheimTeck « Telefon (070271 72 98 0 « Telefax (07021) 72 98 199

A
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APPENDIX C. FAR PART 103 REGULATION

FAR PART 103

ULTRALIGHT VEHICLES
Subpart A- General
103.1 Applicability

This part prescribes the rules governing the operation of ultralight vehicles in the

United States. For the purposes of this part, an ultralight vehicle is a vehicle that:

a Isused or intended to be used for manned operation in the air by a

single occupant;

b. Isused or isintended to be used for recreation or sport purposes only;
c. Does not have any U.S. or foreign airworthiness certificate; and

d. If unpowered, weighs less then 155 pounds; or

e. If powered:

1. Weighs less than 254 pounds empty weight, excluding floats
and safety devices which are intended for deployment in a
potertialy catastrophic situation;

2. Hasafuel capacity not exceeding 5 U.S. gallons;

3. Isnot capable of more than 55 knots calibrated airspeed at full

power in level flight; and

4. Has a power-off stall speed which does not exceed 24 knots
calibrated airspeed.
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APPENDIX D. MOTORGLIDER AND SUSTAINER SPREADSHEET

density = 002377

assume hpo=200w

ko mfs | Mewtons Yedragredux
CLASS | AIC kKW mtow ROC L/D U Drag kW bhp HPVPO newliD AIC
motorglider Stemme ] G549 25 | 48 X1 17346 0 470 B30 425 a0.13 Stemme
ASHZ6 37 525 39 | 49 | 267 | 10508 | 281 3.78 713 52,76 ASH26
Silent 209 0 290 25 | 3N | 2| M4 [ 250 | 335 8.0 33.70 Silent
Silent AE1 13 300 2 3 X2 9491 258 346 775 3360 Silent AE1
RussiaACim 156 2334 279 345 247 BE35 184 220 12.20 39.30  RussiaACim
NimbusdDM 44 820 3 29 3073 13630 419 | 5B2 477 51.96 NimbusiDM
NimbusiM 47 800 31 0 B0 2500 13076 | 34 | 438 6.12 6391 NimbusiM
Ventus 2chl = 37 525 32 39 255 13202 | 337 441 5.94 41,45 Ventus 2cM
Apistbself 295 300 4 40 256 7355 188 | 253 10.62 44.75 Apislaself
sustainer NimbusdDT 196 800 085| 59 2432 13298 323 434 618 £2.89 NimbusiDT
NimbusdT 196 800 085/ EO 25 13076 327 438 B.12 63.91 NimbusdT
Ventus2clT 153 525 089 39 255 13202 337 451 2.94 41.46 Ventus 2cT
Discus?T 153 525 089 39 2676 13202 | 353 | 474 5.66 41.34 Discus?T
DuoDiscusT 22 700 09 45 2375 162585 | 3E2 | 488 552 47 B3 DuoDiscusT
SparrowHawk 315 200 085 36 2418 A&448 | 132 1.77 15.18 42,44  SparrowHawk
#oral
LightHawk 257 200 085 35 1684 5504 095 @ 1.7 21.07 44.34 LightHawk
rmin sink
LOmax | m2 | DN/m"2 m m mi's m/s
AIC Cd CL S WiSmax b c AR pdiam sink Us |POWER| SysEta AIC
Stemme 0.02 099 187 4452 23 081 ] 2829 065 | 252 25 811 0374 Stemme
ASHZ6 0.o2 101 1168 4408 18 0B5 2774 0.48 22 22 551 0609 ASHZ6
Silent 0.o2 061 103 2761 12 085 1398 1.09 0y 2083 9.1 0436 Silent
Silent AE1 0.02 063 103 2856 12 /085 1398 192 078 2083 | 8179 0.629 Silent AE1
RussiaACom  0.02 oo | w7 2973 | 126 061 20B2 1.09 078 25 8172 0439 | RussiaAChm
NimbusdiDM  0.01 077 1795 4478 2660 0OEB 3810 036 | 2161 | 26995 0614 HimbhusdDM
NimbusiM 0.02 115 1786 4393 26540 0B8 3902 038 2432 | 27303 0581 NimbusiM
Ventus2cM 003 1.18 1" 45.81 18 (061 2945 055 23 19.308 0522 Ventus 2ch
Apist1sself  0.01 060 1225 2400 15 082 1835 Apis15self
NimbusdDT  0.02 121 179 4368 | 265 0B 39.10 1.00 036 2161 9.470 0483 Nimbus4DT
Himbhusd T 002 114 1785 4368 264 0KB3 3381 1.00 | 038 22 9650 0492 HimbusdT
Ventus 2cT 003 134 | 9GE7 | A3 15 0B4 | 2327 | 083 055 24 7.409 0.484 Ventus 2cT
Discus?T 0.03 116 1016 A0EG8 15 0B8 | 2215 | 083 06 2161 7 BBR 0501 Discus?T
DuoDiscusT  0.03 122 1635 4199 20 082 2445 0595 059 | 2375 | 10229 0.465 DuoDiscusT
SparrowHawk 0.02 084 | BS 30.18 11 059 1882 0533 1967 | 2713 0.861 | SparmowHawk
LightHawk  0.02 078 [1422| 1379 15 095 1582 0412 125 | 2475 | 0862 LightHawk
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APPENDIX E. NUMERICAL ANALYSISVALIDATION CODE

%This program loads NACA 0012 airfoil section UPOT datato compare output with CMARC
Y%EULER SOLUTIONS FOR FINITE-SPAN FLAPPING-WING

%CMARC data: k = 0.2/ Phi = 10 degrees

clear;

cc;

tic

%CMARC data 3-D interpol ator

data = load('h:\thesS\CMARC2.m");

index = 1,
for ARi = (1: 4);
for ki =(2:5);

for YBi = (1: 20);
K3(ARi, ki, YBI) = data(index, 1);
AR3(ARI, ki, YBI) = data(index, 2);
YB3(ARI, ki, YBI) = data(index, 3);
CP3(ARI, ki, YBI) = data(index, 4);
CT3(ARi, ki, YBI) = data(index, 5);
index = index + 1;
end
end
end
ki =1;
for ARi =(1: 4);
for YBi = (1: 20);
K3(ARi, ki, YBi) =0.0;
AR3(ARI, ki, YBi) = AR3(ARi,2,Y Bi);
YB3(ARI, ki, YBi) = YB3(ARi,2,YBi);
CP3(ARi, ki, YBi) = CP3(ARi, 2, YBI);
CT3(ARIi, ki, YBi) = CT3(ARi, 2, YBI);

end
end
AA=load('h:\Thesis\naca.m"); % Entire data~ Row 1 --> H values & Col 1 --> K values
[RAA CAA]=size(AA); % Size of A
A=AA(2:RAA,2:CAA); % Data set stripped of H and K values
[r c]=size(A); % Determines size of 'Data Matrix’
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loop=floor(r/3);

for jj=1:loop
count1=(3*jj-2);
count2=(3*jj-1);
count3=(3*jj);
CTMAT(jj,:)=[A(countl,)];
CWMAT(jj,:)=[A(count2,:)];

ETAMAT(jj,:)=[A(count3,)];

end
[rCT cCT]=size(CTMAT);
[rCW cCW]=size(CWMAT);

[FETA cETA]=size ETAMAT);

HData=AA(1,2:CAA);
HLow=min(HData);
HHigh=max(HData);
KData=AA(2:3:RAA,1);
KLow=min(KData);
KHigh=max(KData);
AR = 20;

halfspan = 10;

flapspan = 10;

Cr=1;

% Determines number of rows for each Matrix (CT, CW, Eta)
% Loop to Separate CT from CW from Eta as function of H & K
% Row 1,4,7,...
% Row 2,58,...
% Row 3,6,9,...
% CT Dataonly
% CW Data only
% EtaDataonly

% Determines Size of CT Matrix
% Determines Size of CW Matrix
% Determines Size of Eta Matrix
% List of possible H values
% Lower Range Vaue for H
% Higher Range Vauefor H
% List of possible K values
% Lower Range Value for K

% Higher Range Value for K

maxx = input(‘Enter the number of stations to divide flapspan into: ');% User Input for Desired number of stations to

divide flap span into

flapangle = 10; %flapangle value in degrees

xstart = halfspan - flapspan;
incr = flapspan/maxx;
i=1
n=0;
for (U =1)
m=0;

n=n+1;

for (f = 0.03183) %provides ak of 0.2

m=m+1;
v(n,m) = U;

w(n,m) =f;

xstart = halfspan - flapspan;

incr = flapspan/maxx;

sumthrust = O;
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i=1;
for (span = incr/2 : incr : flapspan)% spanwise length of flapping section

ifi==1,
x(i) = incr;
chord(i) = Cr;%-((Cr-Ctip)/flapspan)*x(i) + Cr;% chord variation along span
chordmean(i) = Cr;%(Cr + chord(i))/2;

else
x(i) = x(i-1) + incr;
chord(i) = Cr;%-((Cr-Ctip)/flapspan)*x(i) + Cr;% chord variation along span
chordmean(i) = Cr;%(chord(i-1) + chord(i))/2;

end
flaparea(i) = incr.* chordmean(i); % calculates the given station's area
k = (2* pi*f.* chordmean(i))/U; % reduced frequency

h(i) = sin(pi*flapangle/180)* span./chordmean(i); % half amplitude
YB(i) = (xstart + span)/halfspan;
Cpweight = interp3(K3, AR3, YB3, CP3, k, AR, YB(i), 'cubic);
Cp(i) = interp2(HData, KData, CWMAT, h(i), k,'spline’) * Cpweight;
Ctweight = interp3(K3, AR3, YB3, CT3, k, AR, YB(i), ‘cubic);
Ct(i) = interp2(HData, KData, CTMAT, h(i), k,'spline’) * Ctweight;
i=i+1;
end
Cttotal = sum(Ct)/maxx
Cptotal = sum(Cp)/maxx
eta = Cttotal/Cptotal
end
end
%Comparison with 3-D full-span flapping CMARC data: k = 0.2/ Phi = 10 degrees

y_b = [0.01960 0.07830 .15615 .23305 .30855 .38210 .45325 .52165 .58685 .64845 .70605 .75925 .80775 .85130
.88960 .92245 .94960 .97085 .98615 .99540 .99925];

C_p =[0.0007376 0.0041704 0.0115127 0.0223720 0.0366277 0.0538903 0.0736208 0.0951396 0.1175756 0.1399260
0.1610122 0.1794388 0.1936275 0.2018591 0.2022146 0.1929398 0.1737156 0.1467240 0.1211826 0.1261563
0.0676601];

C_t =[0.0033870 0.0070250 0.0135320 0.0229270 0.0350160 0.0493550 0.0654280 0.0824910 0.0996940 0.1160150
0.1303410 0.1414530 0.1480750 0.1490030 0.1432130 0.1307500 0.1108120 0.0822070 0.0427050 -0.0802290 -
0.1121230];

figure(1)

hold on

plot(YB, Cp, 'kx’)

plot(y_b, C_p, 'k--"

TITLECK = 0.2, Phi = 10 degrees)
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xlabel("Y/B"); ylabel ('Cp")
legend(MATLAB Code','CMARC Data)
figure(2)

hold on

plot(YB, Ct, 'k:")

plot(y_b, C_t, 'k--")

TITLE(k = 0.2, Phi = 10 degrees)

xlabel ("Y/B"); ylabel (‘Ct’)
legend(MATLAB Code',CMARC Data)

toc
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APPENDIX F. EXAMPLE OF TREND FINDING CODE (1°" OF 3):
FLAPPING ANGLE AND VELOCITY VARIATION FOR USER-
DEFINED FLAPPING FREQUENCY

%This program varies flapangle and vel ocity
clear;

cc;

tic

%CMARC data 3-D interpol ator

data = load('h:\thesS\CMARC2.m");

index = 1,
for AR =(1: 4);
for ki =(2:5);

for YBi = (1: 20);
K3(ARi, ki, YBI) = data(index, 1);
AR3(ARI, ki, YBi) = data(index, 2);
YB3(ARI, ki, YBI) = data(index, 3);
CP3(ARi, ki, YBI) = data(index, 4);
CT3(ARi, ki, YBI) = data(index, 5);
index = index + 1;
end
end
end
ki =1;
for ARi =(1: 4);
for YBi = (1: 20);
K3(ARIi, ki, YBi) =0.0;
AR3(ARI, ki, YBi) = AR3(ARi,2,Y Bi);
YB3(ARI, ki, YBi) = YB3(ARi,2,YBi);
CP3(ARi, ki, YBi) = CP3(ARi, 2, YBI);
CT3(ARi, ki, YBi) = CT3(ARi, 2, YBI);

end
end
AA=load('h:\thesis\nlf041440.m"); % Entire data~ Row 1 --> H values & Col 1 --> K values
[RAA CAA]=size(AA); % Size of A
A=AA(2:RAA,2:.CAA); % Data set stripped of H and K values
[r c]=size(A); % Determines size of 'Data Matrix'
loop=Ffloor(r/3); % Determines number of rows for each Matrix (CT, CW, Eta)
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for jj=1:loop % Loop to Separate CT from CW from Eta as function of H & K

count1=(3*jj-2); % Row 14,7,...
count2=(3*jj-1); % Row 2,5,8,...
count3=(3*jj); % Row 3,6,9,...
CTMAT(jj,:)=[A(countl,)]; % CT Dataonly
CWMAT(jj,)=[A(count2,)]; % CW Dataonly
ETAMAT(jj,:)=[A(count3,:)]; % Eta Data only
end
[rCT cCT]=size(CTMAT); % Determines Size of CT Matrix
[rCW cCW]=size(CWMAT); % Determines Size of CW Matrix
[FETA cETA]=size(ETAMAT); % Determines Size of Eta Matrix
HData=AA(1,2:CAA); % List of possible H values
HLow=min(HData); % Lower Range Value for H
HHigh=max(HData); % Higher Range Vauefor H
KData=AA(2:3:RAAL); % List of possible K values
KLow=min(KData); % Lower Range Value for K
KHigh=max(K Data); % Higher Range Value for K
rho = 1.22511; %standard s.|. density kg/m”"3
flapangle = 0;
u=0;

%the input section asks for several individua inputs and ranges for the other parameters
halfspan=input('Enter halfspan of aircraft in meters. *); % User Input for half span of aircraft
percentflap=input('Enter fraction of span that will flap '); %User input
flap_span=input('Enter O to apply this percentage or 1 for a full span flap: ');% User Input for Desired Flap
span
if flap_span==0,
flapspan=percentflap* halfspan,%cal cul ates flapspan
elseflap_span==1,
flapspan=halfspan, %the entire span flaps
end
Cr=input('Enter Cr value of flapspan in meters: );% User Input for Desired Root Chord
Ctip=0.4*Cr; %ties Ctip to Cr via 0.4 taper ratio
AR = input('Enter the Aspect Ratio of the aircraft: '); %User input for AR

maxx=input('Enter the number of stations to divide flapspan into: ');% User Input for Desired number of
stationsto divide flap spaninto

f=input("Enter flapping frequency in Hz: *);% User Input for flapping frequency
%L ighthawk Data

Udata=[11115121251313.514 1451515516 16.517 17.518 18,519 19.5 20 20.5 21 21.5 22 22.5 23
2352424525255 26 26.527 27.5 28 28.5 29 29.5 30 30.5 31 31.5 32];

%L ightHawk Data
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Dragdata = [59.6497 56.6736 54.1285 51.9726 50.1565 48.6422 47.4010 46.3981 45.6205 45.0350 44.6277
44.3893 44.2897 44.3267 44.4894 44.7669 45.1509 45.6337 46.1945 46.8524 47.5867 48.3888 49.2491
50.1884 51.1642 52.2132 53.3061 54.4456 55.6352 56.8778 58.1343 59.4476 60.7981 62.1870 63.5895
65.0299 66.5091 67.9986 69.5256 71.0588 72.6277 74.2326 75.8370];

n=0,
for (flapangle = .8: 0.75: 15)%5 degreesto 10 degreesin 0.5 degree increments (17)
n=n+1;
m=0;
for (U = 12: 0.5: 18.0)
m=m+1,;
drag = interp1(Udata, Dragdata, U,'splin€);
v(n,m) = flapangle;
w(n,m) = U;
xstart = halfspan - flapgpan;
incr = flapspan/maxx;
sumthrust = 0;

sumpower = 0;

i=1;
for (span = incr/2 : incr : flapspan)% spanwise length of flapping section
ifi==1,
x(i) = incr;

chord(i) =-((Cr-Ctip)/flapspan)*x(i) + Cr;% chord variation along span
chordmean(i) = (Cr + chord(i))/2;
else
x(i) = x(i-1) + incr;
chord(i) =-((Cr-Ctip)/flapspan)*x(i) + Cr;% chord variation alongspan
chordmean(i) = (chord(i-1) + chord(i))/2;
end
YB = (xstart + span)/halfspan;
flaparea = incr* chordmean(i); % calculates the given station's area
k = (2* pi*f* chordmean(i))/U; % reduced frequency
h = sin(pi*flapangle/180)* span/chordmean(n); % half amplitude
Cpweight = interp3(K3, ARS, YB3, CP3, k, AR, YB, 'linear");
Cw(i) = interp2(HData, KData, CWMAT, h, k,'spline’) * Cpweight;
sumpower = sumpower + Cw(i)*.5* flaparea* rho* U"3;
Ctweight = interp3(K3, AR3, YB3, CT3, k, AR, YB, 'linear);
Ct(i) = interp2(HData, KData, CTMAT, h, k,'splin€’) * Ctweight;
sumthrust = sumthrust + Ct(i)*.5* flaparea* rho* U2;
i=i+1;
end
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power(n,m) = 2* sumpower;
thrust(n,m) = 2* sumthrust;
eta(n,m) = (thrust(n,m)* U)/power(n,m);
netdrag(n,m) = drag - thrust(n,m); %net drag after flap thrust is subtracted
neweta(n,m) = netdrag(n,m)* U/power(n,m);
netsink(n,m) = U * netdrag(n,m)/1556.930; %net sink-rate as a function of U and drag
end
end
figure(1)
subplot(1,2,1)
surfc (v, w, thrust), xlabel ('Flapangle in degrees), ylabel ('Velocity in m/s), zlabel (‘'Thrust in Newtons)
vec=[4,6,8,10,12,14,16,18,20,24,28,32,40,50,60,70];
subplot(1,2,2)
[ccc,hhh] = contour(v, w, thrust, vec);
xlabel (‘"Flapangle in degrees)), ylabel ("Velocity in m/s)
clabel (ccc,hhh); colorbar
figure(2)
subplot(1,2,1)
surfc (v, w, power), xlabel ('Flapangle in degrees), ylabel ('Velocity in m/s), zlabel ('Power in Watts)
vec=[25,50,75,100,150,200,250,300,400,500,750,1000,1250,1500,2000,2500] ;
subplot(1,2,2)
[cce,hhh] = contour(v, w, power, Vec);
xlabel ('Flapangle in degrees), ylabel ('Velocity in m/s))
clabel (ccc,hhh); colorbar
figure(3)
subplot(1,2,1)
surfc (v, w, eta), xlabel (‘Flapangle in degrees)), ylabel ("Velocity in m/s), zlabel (‘Efficiency")
subplot(1,2,2)
[cce,hhh] = contour(v, w, eta);
xlabel ('Flapangle in degrees), ylabel ("Velocity in m/s)
clabel (ccc,hhh); colorbar
vec=[1,2,3,4,5,10,15,20,25,30,35,40,50,75,100,150,200,250];
figure(4)
[cce,hhh] = contour(v, w, neweta);
xlabel (‘"Flapangle in degrees)), ylabel ("Velocity in m/s)
clabel(ccc,hhh); colorbar
vec=[-0.8,-0.6,-0.4,-0.2,0,0.2,0.4,0.6];
figure(5)
[cce,hhh] = contour(v, w, netsink, vec);
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xlabel (‘Flapangle in degrees), ylabel ('Velocity in m/s)
clabel (ccc,hhh); colorbar
toc

end
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APPENDIX G. CONSTRAINING CODE 1: HUMAN-POWERED
SPARROWHAWK

%This program varies velocity and frequency with a user defined maximum input power restriction
%this program calls up thrustlb.m and powerlb.m functions

clear;

cc;

tic

%CMARC data 3-D interpol ator

data = load('h:\thesS\CMARC2.m");

index = 1;
for AR =(1: 4);
for ki =(2:5);

for YBi = (1: 20);
K3(ARi, ki, YBI) = data(index, 1);
AR3(ARI, ki, YBI) = data(index, 2);
YB3(ARI, ki, YBI) = data(index, 3);
CP3(ARI, ki, YBI) = data(index, 4);
CT3(ARi, ki, YBI) = data(index, 5);
index = index + 1;
end
end
end
ki =1;
for ARi =(1: 4);
for YBi = (1: 20);
K3(ARIi, ki, YBi) =0.0;
AR3(ARI, ki, YBi) = AR3(ARi,2,Y Bi);
YB3(ARi, ki, YBi) = YB3(ARi,2,YBi);
CP3(ARi, ki, YBi) = CP3(ARi, 2, YBI);
CT3(ARi, ki, YBi) = CT3(ARi, 2, YBI);
end
end

%downloads UPOT generated data and sorts coefficients

AA=load(‘h:\thesis\nlf041440.m); % Entire data~ Row 1 --> H values & Col 1 --> K values
[RAA CAA]=size(AA); % Sizeof A
A=AA(2:RAA,2.CAA); % Data set stripped of H and K values
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[r c]=size(A);
loop=floor(r/3);

% Determines size of 'Data Matrix'

% Determines number of rows for each Matrix (CT, CW, Eta)

for jj=1:loop % Loop to Separate CT from CW from Eta as function of H & K
count1=(3*jj-2); % Row 1,4,7,...
count2=(3*jj-1); % Row 2,5,8,...
count3=(3*jj); % Row 3,6,9,...
CTMAT(jj,:)=[A(countl,:)]; % CT Dataonly
CWMAT(jj,))=[A(count2,))]; % CW Data only

ETAMAT(jj,:)=[A(count3,:)]; % Eta Data only

end

[rCT cCT]=size(CTMAT);
[rCW cCW]=size(CWMAT);
[fETA cETA]=size(ETAMAT);

for n=1.rCT
for m=1.cCT

if (CTMAT(n,m)>99),
CTMAT(n,m) =0.0;

end

if (CWMAT(n,m)>99),
CWMAT(n,m) =0.0;

end

end
end
HData=AA(1,2:CAA);
HLow=min(HData);
HHigh=max(HData);
KData=AA(2:3:RAA,1);
KLow=min(KData);
KHigh=max(K Data);
rho = 1.22511;
delta=0.001;
er = +0.005;
pi = acos(-1);

% Determines Size of CT Matrix
% Determines Size of CW Matrix

% Determines Size of Eta Matrix

% List of possible H values
% Lower Range Value for H
% Higher Range Vaue for H
% List of possible K values
% Lower Range Value for K
% Higher Range Vaue for K
% standard s.|. density kg/m”*3

%input section asks for severa individual inputs and ranges for the other parameters

AR = input('Enter the Aspect Ratio of the aircraft: *); %User input for AR

halfspan=input('Enter halfspan of aircraft in meters: *);% User Input for half span of aircraft

percentflap=input('Enter fraction of span that will flap: *); %User input span fraction

flap_span=input('Enter O to apply this percentage or 1 for a full span flap: ');% User Input for Desired Flap

Span
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if flap_span ==0,
flapspan=percentflap*halfspan,  %ocalculates flapspan
elseflap_span==1,
flapspan=halfspan, %the entire span flaps
end
Cr=input(‘Enter Cr value of flapspan in meters: *);% User Input for Desired Root Chord
Ctip=0.4*Cr, %ties Ctip to Cr via 0.4 taper ratio

maxx=input('Enter the number of stations to divide flapspan into: ');%Desired number of stations to divide
flapspan into

powermax=input('Enter the maximum power that is available for propulsion: ");
flapangleO=input('Enter flapangle value in degrees. *);% User Input for maximum flap angle
%SparrowHawk Data

Udata = [17.554 18.178 18.872 19.651 20.535 21.549 22.730 24.128 25.820 27.927 30.651 34.367 39.876
44.897 49.312 69.565];

%SparrowHawk Daa

Dragdata = [73.874 65.914 60.094 54.778 50.070 47.678 44.806 43.100 42.817 42.617 45.232 50.346 61.130
76.650 95.302 183.925];

n=0;
for (U = 18: 2: 34.0) %Sparrowhawk velocity range
m=0;
n=n+1;
flapangle = flapangle0;
drag = interpl(Udata, Dragdata, U,'spline);
for (f = 0.05: 0.05: 1.0) %Sparrowhawk frequency range
m=m+1;
v(n,m) = U;
w(n,m) =f;
dP =10;
%calls up function powerlb

[Cw, sumpower] = power1b(flapspan, halfspan, Cr, Ctip, maxx, f, U, flapangle, HData, KData, CWMAT,
rho, K3, ARS, YB3, CP3, AR);

power(n,m) = 2* sumpower;
iter =0,
%lterative method for finding max thrust given limited power
if power(n,m) >= powermax,

flapangle2 = flapangle;

powern2 = power(n,m);

flapanglel = flapangle2 - er;

while abs(dP) >= delta
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[Cw, sumpower] = powerlb(flapspan, halfspan, Cr, Ctip, maxx, f, U, flapanglel, HData, KData,
CWMAT, rho, K3, AR3, YB3, CP3, AR);

powernl = 2* sumpower;

flapanglen = abs(flapangle2 - (powern2 - powermax) * (flapangle2 - flapanglel)/(powern2 -
powernl));

dP = powernl - powermax;
powern2 = powernl,
flapangle2 = flapanglel;
flapanglel = flapanglen;
iter = iter + 1;
if iter >=50
powernl = 0;
flapanglel = 0;
dP=0
end
end
power(n,m) = powernl;
flapangle = flapanglel;
end
%calls up function thrustlb

[Ct, sumthrust] = thrustlb(flapspan, halfspan, Cr, Ctip, maxx, f, U, flapangle, HData, KData,
CTMAT, rho, K3, AR3, YB3, CT3, AR);

thrust(n,m) = 2* sumthrust;
netdrag(n,m) = drag - thrust(n,m); %net drag after flap thrust is subtracted
netsink(n,m) = U * netdrag(n,m)/1556.930; %net sink-rate as a function of U and drag
flaparray(n,m) = flapangle;
eta(n,m) = (thrust(n,m)* U)/power(n,m);
end
end
%plotting section
figure(1)
subplot(1,2,1)
surfc (v, w, netsink), xlabel ("Velocity in m/s), ylabel('f in HZ'), zlabel (‘netsink’)
subplot(1,2,2)
vec=[.55,.555,.56,.57,.59,.61,.65,.7,.8,.9];
[ccce,hhh] = contour(v, w, netsink, vec);
xlabel ('Velocity in m/s), ylabel('f in HZ')
clabel (ccc,hhh); colorbar
figure(2)
subplot(1,2,1)
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surfc (v, w, netdrag), xlabel ("Velocity in m/s), ylabel('f in HZ'), zlabel ('netdrag’)
subplot(1,2,2)

vec=[35.5,35.75,36.25,37,38.5,40,43,47,51,55,58];

[cce,hhh] = contour(v, w, netdrag, vec);

xlabel ("Velocity in m/s), ylabel('f in HZ')

clabel (ccc,hhh); colorbar

figure(3)

subplot(1,2,1)

surfc (v, w, thrust), xlabel ("Velocity in m/s), ylabel ('f in HZ'), zlabel (‘Thrust in Newtons)
subplot(1,2,2)

vec=[2:1:50];

[cce,hhh] = contour(v, w, thrust, vec);

xlabel ("Velocity in m/s), ylabel('f in HZ')

clabel (ccc,hhh); colorbar

figure(4)

subplot(1,2,1)

surfc (v, w, power), xlabel ("Velocity in m/s), ylabel('f in Hz'), zlabel (‘"Power in Watts))
subplot(1,2,2)

vec=[10,25,50,75,100,130,160,190,199.99];

[cee,hhh] = contour(v, w, power, Vec);

xlabel ('Velocity in m/s), ylabel('f in HZ')

clabel (ccc,hhh); colorbar

figure(5)

subplot(1,2,1)

surfc (v, w, flaparray), xlabel("Velocity in m/s), ylabel('f in HZ'), zlabel (‘flapangl€)
subplot(1,2,2)

vec=[3:1:15];

[cce,hhh] = contour(v, w, flaparray, vec);

xlabel ("'Velocity in m/s), ylabel('f in HZ')

clabel (ccc,hhh); colorbar

figure(6)

vec=[0.76:.02:.96];

[cce,hhh] = contour(v, w, eta, vec);

xlabel ("Velocity in m/s), ylabel('f in HZ')

clabel (ccc,hhh); colorbar

toc
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APPENDIX H. CONSTRAINING CODE 2: HUMAN-POWERED
LIGHT HAWK/LIGHT HAWK-BASED SUSTAINER

%This program varies velocity and frequency with a user defined maximum input power restriction
%this program calls up thrustlb.m and powerlb.m functions

clear;

cc;

tic

%CMARC data 3-D interpol ator

data = load('h:\thesS\CMARC2.m");

index = 1,
for AR =(1: 4);
for ki =(2:5);

for YBi = (1: 20);
K3(ARI, ki, YBI) = data(index, 1);
AR3(ARI, ki, YBI) = data(index, 2);
YB3(ARI, ki, YBI) = data(index, 3);
CP3(ARI, ki, YBI) = data(index, 4);
CT3(ARi, ki, YBI) = data(index, 5);
index = index + 1;
end
end
end
ki =1;
for ARi =(1: 4);
for YBi = (1: 20);
K3(ARIi, ki, YBi) =0.0;
AR3(ARI, ki, YBi) = AR3(ARi,2,Y Bi);
YB3(ARI, ki, YBi) = YB3(ARi,2,YBi);
CP3(ARi, ki, YBi) = CP3(ARi, 2, YBI);
CT3(ARi, ki, YBi) = CT3(ARi, 2, YBI);
end
end

%downloads UPOT generated data and sorts coefficients

AA=load(‘h:\thesis\nlf041440.m); % Entire data~ Row 1 --> H values & Col 1 --> K values
[RAA CAA]=size(AA); % Sizeof A
A=AA(2:RAA2.CAA); % Data set stripped of H and K values
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[r c]=size(A);
loop=floor(r/3);

% Determines size of 'Data Matrix'

% Determines number of rows for each Matrix (CT, CW, Etg

for jj=1:loop % Loop to Separate CT from CW from Eta as function of H & K
count1=(3*jj-2); % Row 1,4,7,...
count2=(3*jj-1); % Row 2,5,8,...
count3=(3*jj); % Row 3,6,9,...
CTMAT(jj,:)=[A(countl,:)]; % CT Dataonly
CWMAT(jj,))=[A(count2,))]; % CW Data only

ETAMAT(jj,:)=[A(count3,:)]; % Eta Data only

end

[rCT cCT]=size(CTMAT);
[FCW cCW]=siz CWMAT);
[FETA CETA]=size ETAMAT);

for n=1.rCT
for m=1.cCT

if (CTMAT(n,m)>99),
CTMAT(n,m) =0.0;

end

if (CWMAT(n,m)>99),
CWMAT(n,m) = 0.0;

end

end
end
HData=AA(1,2:CAA);
HLow=min(HData);
HHigh=max(HData);
KData=AA(2:3:RAA,1);
KLow=min(KData);
KHigh=max(K Data);
rho = 1.22511;
delta=0.001;
er = +0.005;
pi = acos(-1);

% Determines Size of CT Matrix
% Determines Size of CW Matrix
% Determines Size of Eta Matrix

% List of possible H values
% Lower Range Value for H
% Higher Range Vaue for H
% List of possible K values
% Lower Range Value for K
% Higher Range Vaue for K
% standard s.|. density kg/m”*3

%input section asks for several individual inputs and ranges for the other parameters

AR = input('Enter the Aspect Ratio of the aircraft: *); %User input for AR

halfspan=input('Enter halfspan of aircraft in meters: *);% User Input for half span of aircraft

percentflap=input('Enter fraction of span that will flap: '); %User input span fraction

flap_span=input('Enter O to apply this percentage or 1 for a full span flap: ");% User Input for Desired Flap

Span
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if flap_span ==0,
flapspan=percentflap*halfspan,  %calculates flapspan
elseflap_span==1,
flapspan=halfspan, %the entire span flaps
end
Cr=input(‘Enter Cr value of flapspan in meters: *);% User Input for Desired Root Chord
Ctip=0.4*Cr,; %ties Ctip to Cr via 0.4 taper ratio

maxx=input('Enter the number of stations to divide flapspan into: ');%Desired number of stations to divide
flapspan into

powermax=input('Enter the maximum power that is available for propulsion: ");
flapangleO=input('Enter flapangle value in degrees. *);% User Input for maximum flap angle
%LightHawk Data

Udata=[111151212513135141451515516 16,517 17.518 18.51919.520 20.521 21.522 22.5 23
2352424525255 26 26.5 27 27.5 28 28.5 29 29.5 30 30.5 31 31.5 32];

%LightHawk Data

Dragdata = [59.6497 56.6736 54.1285 51.9726 50.1565 48.6422 47.4010 46.3981 45.6205 45.0350 44.6277
44.3893 44.2897 44.3267 44.4894 44.7669 45.1509 45.6337 46.1945 46.8524 47.5867 48.3888 49.2491
50.1884 51.1642 52.2132 53.3061 54.4456 55.6352 56.8778 58.1343 59.4476 60.7981 62.1870 63.5895
65.0299 66.5091 67.9986 69.5256 71.0588 72.6277 74.2326 75.8370];

n=0;
for (U = 11.5: 2: 26.0) %Lighthawk velocity range
m=0;
n=n+1;
flapangle = flapangle0;
drag = interpl(Udata, Dragdata, U,'spling);
for (f = 0.05: 0.05: 0.7) %Lighthawk frequency range
m=m+1;
v(n,m) = U;
w(n,m) =f;
dP = 10;
%calls up function powerlb

[Cw, sumpower] = power1b(flapspan, halfspan, Cr, Ctip, maxx, f, U, flapangle, HData, KData, CWMAT,
rho, K3, AR3, YB3, CP3, AR);

power(n,m) = 2* sumpower;
iter =0;
%lterative method for finding max thrust given limited power
if power(n,m) >= powermax,

flapangle2 = flapangle;

powern2 = power(n,m);

flapanglel = flapangle2 - er;
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while abs(dP) >= delta

[Cw, sumpower] = powerlb(flapspan, halfspan, Cr, Ctip, maxx, f, U, flapanglel, HData, KData,
CWMAT, rho, K3, AR3, YB3, CP3, AR);

powernl = 2* sumpower;

flapanglen = abs(flapangle2 - (powern2 - powermax) * (flapangle2 - flapanglel)/(powern2 -
powernl));

dP = powernl - powermax;
powern2 = powernl;
flapangle2 = flapanglel;
flapanglel = flapanglen;
iter =iter + 1,
if iter >= 50
powernl = 0,
flapanglel = 0;
dP=0;
end
end
power(n,m) = powernl;
flapangle = flapanglel;
end
%calls up function thrust1lb

[Ct, sumthrust] = thrustlb(flapspan, hafspan, Cr, Ctip, maxx, f, U, flapangle, HData, KData,
CTMAT, rho, K3, AR3, YB3, CT3, AR);

thrust(n,m) = 2* sumthrust;
netdrag(n,m) = drag - thrust(n,m); %net drag after flap thrust is subtracted
netsink(n,m) = U * netdrag(n,m)/1556.930; %net sink-rate as a function of U and drag
flaparray(n,m) = flapangle;
eta(n,m) = (thrust(n,m)* U)/power(n,m);
end
end
%plotting section
figurg(1)
subplot(1,2,1)
surfc (v, w, netsink), xlabel ("Velocity in m/s), ylabel('f in HZ'), zlabel (‘'netsink’)
subplot(1,2,2)
vec=[.31,.32,.34,.36,.40,.44,.48,.52,.58,.64,.70,.78,.84];
[cce,hhh] = contour(v, w, netsink, vec);
xlabel ('Velocity in m/s), ylabel('f in HZ')
clabel (ccc,hhh); colorbar
figure(2)
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subplot(1,2,1)

surfc (v, w, netdrag), xlabel ('Velocity in m/s), ylabel ('f in HZ'), zlabel ('netdrag’)

subplot(1,2,2)

vec=[34:34.25:34.50,35.5,36.5,38,40,42,44,46,48,50];

[cce,hhh] = contour(v, w, netdrag, vec);

xlabel ('Velocity in m/s), ylabel('f in HZ')

clabel(ccc,hhh); colorbar

figure(3)

subplot(1,2,1)

surfc (v, w, thrust), xlabel ("Velocity in m/s), ylabel ('f in HZ'), zlabel (‘'Thrust in Newtons))

subplot(1,2,2)

vec=[2:1:50];

[cece,hhh] = contour(v, w, thrust, vec);

xlabel ('Velocity in m/s), ylabel('f in HZ')

clabel (ccc,hhh); colorbar

figure(4)

subplot(1,2,1)

surfc (v, w, power), xlabel ("Velocity in m/s), ylabel('f in Hz'), zlabel (‘'Power in Watts))

subplot(1,2,2)

vec=[10,25,50,75,100,130,160,190,199.99];

[cce,hhh] = contour(v, w, power, vec);

xlabel ("'Velocity in m/s), ylabel('f in HZ')

clabel (ccc,hhh); colorbar

figure(5)

subplot(1,2,1)

surfc (v, w, flaparray), xlabel("Velocity in m/s), ylabel('f in HZ'), zlabel (‘flapangl€)

subplot(1,2,2)

vec=[2.5:.5:10];

[cce,hhh] = contour(v, w, flaparray, vec);

xlabel ("Velocity in m/s), ylabel('f in HZ')

clabel (ccc,hhh); colorbar

figure(6)

vec=[0.74:.02:.96];

[cce,hhh] = contour(v, w, eta, vec);

xlabel ('Velocity in m/s), ylabel('f in HZ')

clabel(ccc,hhh); colorbar

figure(7)

subplot(1,2,1)

surfc (v, w, flaparray), xlabel("Velocity in m/s), ylabel('f in HZ'), zlabel (‘flapangl€)
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subplot(1,2,2)
surfc (v, w, power), xlabel('Velocity in m/s), ylabel('f in HZ'), zlabel ('Power in Watts)

toc
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APPENDIX |. POWER FUNCTION CALLED BY CONSTRAINING
CODES

%this function is arequirement for the restrictimizeB.m program

function [Cw, sumpower] = powerlb(flapspan, halfspan, Cr, Ctip, maxx, f, U, flapangle, HData,
KData, CWMAT, rho, K3, AR3, YB3, CP3, AR);

xstart = halfspan - flapspan;
incr = flapspan/maxx;
sumpower = 0;
n=1,
for (span =incr/2 : incr : flapspan)% spanwise length of flapping section
if n==1,
x(n) = incr;
chord(n) =-((Cr-Ctip)/flapspan)*x(n) + Cr;% chord variation along span
chordmean(n) = (Cr + chord(n))/2;
else
x(n) = x(n-1) +incr;
chord(n) =-((Cr-Ctip)/flapspan)* x(n) + Cr;% chord variation along span
chordmean(n) = (chord(n-1) + chord(n))/2;
end
Y B = (xstart + span)/halfspan;
flaparea = incr* chordmean(n); % calculates the given station's area
k = (2* pi*f* chordmean(n))/U; % reduced frequency
h = sin(pi*flapangle/180)* span/chordmean(n); % half amplitude
Cpweight = interp3(K3, AR3, YB3, CP3, k, AR, YB, 'linear");
Cw(n) = interp2(HData, KData, CWMAT, h, k,'spline’) * Cpweight;
sumpower = sumpower + Cw(n)*.5*flaparea* rho* U3;
n=n+1,

end
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APPENDIX J. THRUST FUNCTION CALLED BY CONSTRAINING
CODES

%this function is arequirement for the restrictimizeB.m program

function [Ct, sumthrust] = thrustlb(flapspan, halfspan, Cr, Ctip, maxx, f, U, flapangle, HData,
KData, CTMAT, rho, K3, AR3, YB3, CT3, AR);

xstart = halfspan - flapspan;
incr = flapspan/maxx;
sumthrust = 0;
n=1,
for (span =incr/2 : incr : flapspan)% spanwise length of flapping section
if n==1,
x(n) = incr;
chord(n) =-((Cr-Ctip)/flapspan)*x(n) + Cr;% chord variation along span
chordmean(n) = (Cr + chord(n))/2;
else
x(n) = x(n-1) +incr;
chord(n) =-((Cr-Ctip)/flapspan)* x(n) + Cr;% chord variation along span
chordmean(n) = (chord(n-1) + chord(n))/2;
end
Y B = (xstart + span)/halfspan;
flaparea = incr* chordmean(n); % calculates the given station's area
k = (2* pi*f* chordmean(n))/U; % reduced frequency
h = sin(pi* flapangle/180)* span/chordmean(n); % half amplitude
Ctweight = interp3(K3, AR3, YB3, CT3, k, AR, YB, 'linear");
Ct(n) = interp2(HData, KData, CTMAT, h, k,'spline’) * Ctweight;
sumthrust = sumthrust + Ct(n)*.5*flaparea* rho* U"2;
n=n+1,

end
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